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ABSTRACT OF DISSERTATION 
 
 
 
 
ECOLOGY, MONOGAMY, AND THE EVOLUTION OF ANIMAL FAMILIES 
 
 
Family-living has been recognized as a necessary prerequisite for the 
evolution of advanced cooperative societies, yet the evolutionary and ecological 
processes that drive the coupling of different forms of cooperation in family-
based societies are still poorly understood. In my dissertation, I investigate the 
correlated evolution of parental care, monogamy, and cooperative breeding in a 
variety of family-based taxa. I explore the mating and social behavior of family-
living beetles with incipient cooperation to better understand the factors driving 
these social traits. Specifically, I evaluate different causes of extra-pair mating in 
socially monogamous beetles, the potential benefits that young adult offspring 
may gain from remaining in the family group, and how these behaviors 
correspond to different ecological niches. These studies demonstrated that many 
of the factors predicted to favor family-living in cooperatively breeding animals 
fail to explain delayed dispersal and family cohesion in this beetle group. In a 
phylogenetic comparative study of birds, I further evaluate how ecological 
selective pressures drive the correlated evolution of monogamy, biparental 
cooperation, and cooperative breeding. Taken together, these studies have 
implications for our general understanding of the evolution of cooperation, and 
suggest the action of previously unrecognized processes in shaping and pairing 
social behaviors. 
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Introduction 
 
My thesis research aims to better our understanding of the evolution and 
maintenance of cooperative breeding, a fascinating social organization that has arisen 
independently many times across a diversity of animal taxa. The prevalence of altruistic 
societies such as these has perplexed scientists since Darwin first described the sterile 
worker castes of eusocial insects as potentially “fatal to [his] whole theory” (Darwin 
1859). How could natural selection favor traits that enhance the fitness of others while 
reducing personal fitness? Just over a century after Darwin’s treatment of worker sterility 
in eusocial groups, W. D. Hamilton (1964) provided an initial solution to this 
evolutionary paradox with the concept of kin selection, which proposes that, in addition 
to personal reproduction, individuals may produce copies of their genes by helping to 
raise non-descendent relatives. Kin selection theory predicts that individuals should thus 
be selected to behave altruistically towards relatives when the benefits/costs ratio of 
helping is greater than the reciprocal relatedness between the helper and recipient 
(B/C>1/r) (Hamilton 1964a, West-Eberhard 1975). 
The causal role of high relatedness in the evolution of altruism has been debated 
since the inception of inclusive fitness theory and continues to be a contentious topic 
today (Hamilton 1964b, Trivers & Hare 1976, Crozier 2008, Wilson 2005, Wilson & 
Hölldobler 2008, Nowak et al. 2010, Allen et al. 2013). The foundation of modern 
counter-arguments against kin selection rests on the contention that selection acting on 
the group level better explains the evolution of altruistic behaviors than selection that acts 
to maximize individual inclusive fitness, such as kin selection (Wilson & Hölldobler 
2008). These authors argue that kin selection can cause within-colony conflict and 
therefore acts more as a dissolutive than binding force in societies (Wilson 2005, Wilson 
& Hölldobler 2008). They further conclude that the high relatedness observed in many of 
the most altruistic eusocial and cooperative breeding societies is likely a consequence of 
sociality rather than a cause (Wilson & Hölldobler 2008, Nowak et al. 2010). 
In contrast to these claims, recent empirical and conceptual studies have shown a 
relationship between ancestral monogamy and altruism, suggesting a causal role of high 
relatedness in the evolution of eusociality and cooperative breeding (Boomsma 2007, 
2009, Hughes et al 2008, Cornwallis et al 2010, Lukas & Clutton-Brock 2012). Boomsma 
(2007, 2009) proposes that sterile eusocial castes can only arise when these helpers are 
aiding parents that exhibit strict lifetime monogamy because it is only under these 
circumstances that helpers are equally related to the offspring of the recipient as they are 
to their own offspring (r=0.5). This equivalency in relatedness allows altruism to be 
favored when the benefits of helping are only marginally greater than the costs (B/C>1) 
(Boomsma 2007, 2009). Phylogenetic comparative analyses of birds, mammals, and 
insects have supported this claim by demonstrating that cooperative breeding and 
eusociality have only arisen in lineages that exhibit ancestral lifetime monogamy 
(Hughes et al. 2008, Cornwallis et al 2010, Lukas & Clutton-Brock 2012).  
While these comparative studies provide compelling evidence for an important role 
of kinship in the evolution of cooperation, they also raise additional questions regarding 
the correlated evolution of mating and social systems. Genetic monogamy, however, is 
generally associated with social monogamy and biparental care, which may be considered 
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more rudimentary forms of social cooperation relative to cooperative breeding. Indeed, 
nearly all cooperative breeders live in family-based societies in which adult offspring 
assist their parents by helping to rear siblings, suggesting a pivotal role of family-living 
in the evolution of cooperative breeding (Emlen 1995; Drobniak et al. 2015; Griesser et 
al. 2017; Rubenstein & Abbot 2017). The evolutionary correlation between genetic 
monogamy and cooperation might therefore appear as a consequence of selection for 
general family-cohesion rather than because of a strictly causal relationship between the 
two (Dillard & Westneat 2016). Identifying the factors that have driven the correlated 
evolution of different kinds of cooperation, including biparental care and family-
cohesion, is thus critical to our understanding of the evolution of more complex social 
systems. 
In this dissertation thesis, I investigate monogamy, family-living, and cooperation 
conceptually and empirically in a variety of species to better understand the ways in 
which mating and social systems affect one another in evolutionary and ecological time. 
My first chapter consists of a conceptual review in which I present several alternative 
hypotheses for the evolutionary correlation between ancestral genetic monogamy and 
cooperation. These hypotheses generally focus on the similarities between biparental 
cooperation and cooperative breeding, highlighting the possibility that similar proximate 
and ultimate causes might underlie both behaviors. In many ways, the evolution of both 
helpers and parents represent similar phenomena, where individuals (parents or helpers) 
forego leaving to seek mates in favor of staying to care for young. Therefore, selective 
factors that favor the evolution of biparental care and genetic monogamy might also be 
expected to favor cooperative breeding as well, leading to a non-causal correlation 
between the two. Furthermore, the physiological and morphological traits that underpin 
adaptations related to social monogamy, biparental care, and cooperative breeding are 
likely very similar (e.g., high expression of oxytocin and receptors in both socially 
monogamous and cooperative rodents). Ancestral social behaviors, such as monogamy or 
biparental cooperation, might therefore pre-adapt lineages to the subsequent evolution of 
more advanced cooperation, such as cooperative breeding. These possibilities are 
intriguing because they suggest that certain environmental conditions might influence 
multiple terms in Hamilton’s Rule simultaneously. Environments that promote both 
biparental cooperation and cooperative breeding could result in concurrent increases in 
both the benefits-costs ratio of helping (B/C) as well as within-family relatedness (r).  
The following three chapters of my dissertation investigate the evolution of 
different forms of cooperation, including biparental care, family-living, and cooperative 
breeding, empirically in passalid beetles. Passalid beetles are large scarab-like beetles 
that live and breed in decaying logs. The passalid family is composed of approximately 
500 species, nearly all of which are known to exhibit social monogamy, biparental care, 
and prolonged retention of adult offspring in family groups (Schuster & Schuster 1997). 
Young adults that delay dispersal might also assist in brood care by constructing pupal 
cell cases for younger siblings or performing other colony tasks (Valenzuela-Gonzalez 
1993; Schuster & Schuster 1985). When I began work on this system, however, little was 
known about the mating system and social behavior in this taxonomic group. Our general 
understanding of the evolution of family-living has come primarily from studies with 
socially advanced, cooperatively breeding organisms, with little attention paid to species 
with more incipient family-living, such as the passalid beetles (Kramer & Meunier 2019). 
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In Chapters 2 and 3, I describe the genetic mating system and test several possible 
causes of delayed dispersal in a temperature North American passalid species, 
Odontotaenius disjunctus. These studies revealed high levels of extra-pair paternity 
despite substantial investment by both parents in brood care. Behavioral observations of 
parent activity suggested that the majority of parents’ time is spent processing the 
decaying log resource. Because this behavior is a byproduct of feeding and also happens 
to carry high benefits for the offspring, it is possible that such care could be favored 
despite low relatedness between fathers and their brood.  In Chapter 3, I assess several 
potential drivers of delayed dispersal, including dispersal limitations and direct benefits 
of remaining in the natal nest, such as increased access to resources or protection from 
pathogens. Fine-scale analysis of population structure revealed no major barriers to 
dispersal for the beetles. Furthermore, young adults that were allowed to remain with 
their families post-eclosion, did not gain more weight or develop faster than those that 
fed on their own. Although mature adults inhibited fungal growth in the nest site, adults 
also seemed capable of doing so on their own. Although none of the factors tested in this 
chapter appeared sufficient to explain the evolution of delayed dispersal in this species, 
these results are interesting in that they suggest the possibility that less well-understood 
mechanisms could be responsible for shaping family-cohesion in this group.  
In Chapter 4, I investigate how differences in ecology, specifically resource quality, 
correspond to between-species differences by examining parental care and family 
behavior in four sympatric passalid species in the Panamanian lowland tropics. I tested 
the hypothesis that lower quality resources should be associated with higher levels of 
parental care and cooperation, as these behaviors might mediate the effects of low 
nutrient availability (Beehler 1985, Strahl & Schmitz 1990, Nalepa & Bell 1997, Nalepa 
& Arellano 2016). Despite predictions, passalid families inhabiting lower quality log 
resources (heartwood) did not exhibit more parental activity, nor more cooperative traits, 
than those inhabiting higher quality log resources (sapwood). It is possible that species 
inhabiting lower quality resources may have developed alternative adaptations to this 
lifestyle, including reduced brood size or more efficient digestion. 
Finally, I conclude my dissertation by examining the evolution of cooperative 
breeding and biparental cooperation with a phylogenetic comparative study of birds. In 
Chapter 5, I revisit the alternative hypotheses for the correlated evolution of monogamy 
and cooperative breeding laid out in Chapter 1. I show that while some ecological factors 
do indeed influence biparental cooperation and cooperative breeding simultaneously, 
often these effects are not statistically significantly nor do they always affect both 
behaviors similarly. Genetic monogamy was an important indicator of the presence of 
cooperative breeding in a lineage, and predicted the frequency of nests with helpers. 
Monogamy was less important for measures of the costs and benefits of helping, 
however, including helper effort and the consequence of helpers on breeder fitness. A 
strong independent relationship between biparental cooperation and all measures of 
cooperative breeding, however, was demonstrated across analyses. This relationship is 
important because it suggests the possibility that either unmeasured ecological factors 
have favored these behaviors to co-occur in lineages. Alternatively, aspects these two 
traits may be linked in other, more directly causal, ways. Biparental cooperation might 
have set the stage for cooperative breeding by endowing those lineages with highly 
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dependent (altricial) offspring that depend strongly on parental care or with social traits 
that could be easily co-opted into behavioral adaptations to cooperative breeding.  
The results of the projects described in this dissertation highlight ways that 
evolutionary and ecological processes that can drive multiple behavioral traits 
simultaneously. The work with passalids underscore the utility of investigating these 
processes in unconventional systems. Passalids do not appear to demonstrate the 
sophisticated helping behavior that more advanced cooperatively breeding societies do, 
and thus the factors that have favored and maintained family-living in this group might 
better approximate the conditions under which incipient family groups evolved. 
Furthermore, the comparative analyses with birds strongly suggest the existence of 
processes, both ecological and evolutionary, that have favored the coupling of social 
traits like biparental care and cooperative breeding. Further investigations into the should 
carefully consider the ways in which social traits might be linked to one another to gain a 
more holistic understanding of the evolutionary processes that have given rise to complex 
social behaviors. 
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Abstract  
Lifetime genetic monogamy, by increasing sibling relatedness, has been proposed 
as an important causal factor in the evolution of altruism. Monogamy, however, could 
influence the subsequent evolution of cooperation in other ways. We present several 
alternative, non-mutually exclusive, evolutionary processes that could explain the 
correlated evolution of monogamy and cooperation. Our analysis of these possibilities 
reveals that many ecological or social factors can affect all three variables of Hamilton’s 
Rule simultaneously, thus calling for a more holistic, systems-level approach to studying 
the evolution of social traits. This perspective reveals novel dimensions to coevolutionary 
relationships and provides solutions for assigning causality in complex cases of 
correlated social trait evolution, such as the sequential evolution of monogamy and 
cooperation. 
 
Monogamy and the evolution of cooperation 
Lifetime monogamy has recently been invoked as a critical causal factor in the 
evolution and maintenance of cooperation in family-based social systems where helpers 
are offspring of the breeding individual or pair (Boomsma, 2007, 2009). Lifetime genetic 
monogamy ensures that relatedness between helpers and the siblings they help rear is at 
least as high as the relatedness between helpers and their own offspring 
(rsibling=roffspring=0.5). When the relatedness between the altruistic actor and the offspring 
of the recipient is equivalent to the relatedness between the actor and its own offspring, 
the relatedness terms in Hamilton’s Rule (rsiblingb > roffspringc) cancel out. Altruistic 
helping can then be favored when the benefits only marginally exceed the costs (b > c) 
(Boomsma, 2007; Hamilton, 1964). Without genetic monogamy, rsibling < roffspring, and 
benefits must greatly exceed costs for cooperation to spread. Monogamy has thus been 
argued to provide a “window” through which social organisms must pass before the 
evolution of sterile worker castes can occur (Boomsma 2007, 2009). Though this logic 
was initially used to explain the evolution of worker sterility in eusocial systems 
(Boomsma, 2007; Hughes et al., 2008), genetic monogamy could also be an important 
factor in the evolution and maintenance of less permanent forms of cooperation such as 
cooperative breeding in family-based societies (Cornwallis et al., 2010; Leggett et al., 
2012). 
Correlations between monogamy and cooperation have been observed in several 
taxonomic groups.  The evolution of sterile worker castes in eusocial hymenoptera is 
restricted to those lineages with ancestral lifetime monogamy, and polyandry appears to 
arise only after the loss of worker totipotency (Hughes et al., 2008). In birds, cooperative 
breeding appears more often in lineages with low promiscuity (Cornwallis et al., 2010). 
In addition, within cooperative bird species, helping frequency and promiscuity are 
negatively correlated (Cornwallis et al., 2010). In mammals, family-based cooperative 
breeding societies have also arisen only in socially monogamous lineages (Lukas & 
Clutton-Brock, 2012, but see Kramer & Russell, 2014). Furthermore, extra-pair paternity 
in socially monogamous mammals is rare and social bonds between males and females 
tend to be long lasting(Lukas & Clutton-Brock, 2012). This results in genetic monogamy 
that could persist for several breeding cycles, allowing the opportunity for offspring 
helpers to assist in rearing full siblings (Lukas & Clutton-Brock, 2012, 2013). Likewise, 
in birds extra-pair paternity and divorce rate are positively correlated, implying similarly 
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long lasting periods of high sibling relatedness in genetically monogamous species 
(Cezilly & Nager, 1995). 
The idea of genetic monogamy being an important prerequisite for the evolution of 
offspring helpers is both intuitively appealing and seemingly well supported in 
comparative analyses. However, genetic monogamy and cooperative breeding are both 
attributable to an array of ecological and social factors and are characterized by complex 
coevolutionary dynamics.  Comparative studies that support the monogamy hypothesis 
have considered only a single link between monogamy and cooperation through sibling 
relatedness, and have thus ignored alternative explanations for this evolutionary 
correlation. Owing to the complex relationship between mating behavior and social 
behavior, a perspective that integrates the interactions that characterize these dynamic 
systems is necessary for evaluating the relationship between monogamy and cooperation. 
We adopt this perspective and use it to outline three alternative evolutionary processes 
that could account for the disproportionately high occurrence of cooperation in 
monogamous lineages (Fig. 1). We present these alternative pathways not to question the 
role of relatedness in the evolution of cooperation, but rather to highlight the potential 
complications faced when assessing causality in complex evolutionary relationships. By 
recognizing the codependence of mating systems and social systems in this way, we 
further demonstrate that some evolutionary or ecological factors could influence multiple 
terms in Hamilton’s Rule simultaneously. This suggests that certain factors might lead to 
correlated changes to both relatedness terms and the benefits/cost ratio to synergistically 
favor helping. This finding has implications for both the correlated evolution of 
monogamy and cooperation as well as the more general framework of social evolution. 
 
Ecologically Driven Covariance: The same ecological selective pressure favors two 
traits simultaneously. 
 
Before assigning a causal relationship between two traits, it is important to 
demonstrate that the trait correlation is not caused by additional confounding variables. 
For instance, if a common selective pressure influences both traits similarly, the 
covariance between these traits could be consequential rather than causal. This is likely to 
be important in the example of monogamy and cooperation. Both theoretical treatments 
(Box 1) and a brief review of the ecological factors predicted to favor monogamy and 
cooperation reveal that similar selective pressures are likely to influence both traits 
(summarized in Table 1). Due to tradeoffs between mating effort and parental effort, 
genetic monogamy is generally favored when the value of providing parental care is high 
and mating opportunities are low (Alonzo, 2010; Emlen & Oring, 1977; Kokko & 
Jennions, 2008; Maynard Smith, 1997; Trivers 1972, Wittenberger & Tilson, 1980; 
Ketterson & Nolan, 1994; Westneat et al., 1990). A similar tradeoff exists for helpers, 
and helping effort is favored over independent breeding effort when the value of 
additional care is high, or when the likelihood of successfully breeding independently is 
low (Fig. 1b) (Hamilton, 1964; Emlen, 1982; Koenig & Dickinson, 2004; Koenig et al., 
1992). When mating or breeding opportunities are limited, the benefits of either mate 
desertion or offspring dispersal are reduced, and both mate fidelity and delayed dispersal 
with helping can be favored even when the payoffs are relatively low. Parenting and 
helping can thus be thought of as similar phenomena, shaped by similar selective 
8 
pressures that increase the benefits of care or reduce the benefits of deserting or 
dispersing. While the conceptual similarities between monogamy and cooperation have 
been mentioned elsewhere (Komdeur, 2006; Cockburn, 2006), the implications of these 
similarities for the correlated evolution of monogamy and cooperation have not been 
thoroughly addressed. 
This process could also account for the observed evolutionary sequence of 
monogamy preceding cooperation if, for instance, factors favoring both cooperation and 
monogamy undergo a directional change through evolutionary time, passing first through 
values where biparental care but not cooperation is favored before reaching values where 
both are favored (Fig. 2a). Reductions in food abundance, for example, could initially 
select for the combined provisioning effort of both parents, leading first to social and 
possibly genetic monogamy through selection favoring biparental care. If food resources 
progressively deteriorate or become more difficult to obtain over evolutionary time, 
families that retain adult offspring helpers could be better able to deal with this increasing 
environmental harshness. The sequential evolution of cooperation between partners and 
cooperation between additional family members could therefore allow lineages to track 
increasingly more difficult foraging niches. In carnivores, for example, larger prey is 
more easily obtained and defended in groups (Brown, 1981; Carcao & Wolf, 1975; Creel, 
1997; Macdonald et al., 2004). A transition to larger prey, either through a shift in 
foraging niche or coevolution between predator and prey, would then favor increased 
group size from singleton to pair or from pair to pack depending on prey size and 
abundance. Group size in coyotes, for example, fluctuates seasonally, increasing as the 
abundance of large prey species such as deer and elk increases (Bowen, 1981). 
Importantly, pairs of coyotes capture and defend large carcasses better than singletons, 
and this benefit increases with pack size (Bowen, 1981), suggesting that both pair 
cooperation and pack cooperation could be favored, at least in part, for the same function. 
 
Phylogenetic facilitation through pre-adaptions: The evolution of one trait increases 
genetic variation for traits that can be co-opted for other uses. 
 
Certain traits could consistently precede others in evolutionary time if the ancestral 
trait is easily co-opted for use in subsequent selective environments. In the case of 
monogamy preceding cooperation, for example, strong social monogamy, which often 
involves physiological and hormonal adaptations to social living, could have pre-adapted 
lineages to more advanced social behaviors like cooperative breeding (Fig. 1c). Though 
social monogamy and genetic monogamy are often decoupled in vertebrate systems, high 
levels of biparental care and pair coordination are typically correlated with genetic 
monogamy (Lukas & Clutton-Brock, 2013; Ketterson & Nolan, 1999; Møller & Cuervo, 
2000; Møller & Birkhead, 1993; Matysioková & Remeš, 2013). Thus, the most 
genetically monogamous lineages might also be expected to exhibit the highest levels of 
parental and social coordination between partners, providing pre-adaptations for the 
subsequent evolution of cooperative breeding. We use “pre-adaptation” simply to 
describe traits that are easily co-opted or modified for use in contexts different from the 
ancestral function. Pre-adaptations stemming from social monogamy and biparental care 
therefore do not guarantee the subsequent evolution of cooperative breeding in this view, 
but rather make the subsequent evolution of cooperation more probable by providing the 
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necessary antecedent phenotypic variation needed for lineages to respond to selection for 
helping.  
The hormonal underpinnings of many social behaviors, for example, are similar for 
both monogamous and cooperative adaptations, particularly in vertebrates. In mammals, 
social bonding in monogamous pairs and in cooperative groups appears to be controlled 
by similar hormonal mechanisms, namely, an increase in the production of the 
neuropeptides oxytocin and vasopressin and their receptors (Bales et al., 2004; Carter & 
Roberts, 1997; Faulkes et al., 2013). Biparental care and alloparental care also share 
strikingly similar hormonal mechanisms, and are both associated with increased levels of 
prolactin and reduced testosterone in birds (Schoech et al., 2004), mammals (Bales et al., 
2004; Carter & Roberts, 1997,;Faulkes et al., 2013), and fish (Bender et al., 2008; de 
Ruiter et al., 1986). The onset of paternal care could also prime lineages for the evolution 
of male helpers, which are common in many avian systems (Koenig & Dickinson, 2004). 
Ancestral biparental care and social bonding might therefore facilitate cooperative 
breeding if the shift to cooperation involves merely a change in the timing and context of 
expression of social and parental traits in the extended family group.  
Monogamy also equips lineages with cognitive pre-adaptations to social living. 
Large brains and high cognitive performance can be important adaptations to living and 
interacting in complex social situations involving behavioral coordination, negotiation, 
and division of labor for both pair-bonded couples as well as cooperative family groups 
(Dunbar, 1998). Comparative studies have shown a positive correlation between social 
monogamy and brain size in birds and mammals, including humans (Shulz & Dunbar, 
2007, 2010; West, 2014), that is believed to be in part due to selection arising from 
biparental cooperation. Brain size also correlates positively with cooperative breeding in 
mammals (Burkart et al., 2009), though this ‘social brain’ hypothesis has yet to be 
supported in birds (Beauchamp & Fernandez-Juricic, 2004; Iwaniuk & Arnold, 2004). 
These studies, however, have only examined the relationship between brain size and 
cooperation in a single avian group (corvids) (Iwaniuk & Arnold, 2004), or have used 
flock size as a measure of sociality (Beauchamp & Fernandez-Juricic, 2004), and thus 
may might not have properly assessed whether specific cognitive abilities related to 
social behavior and cooperation are correlated.  
 
Evolving and co-evolving selective pressures: The evolution of one trait increases 
selection for a subsequent trait  
 
The evolution of traits, particularly social ones, can change the selective 
environment for subsequent generations. For example, traits expressed by parents, 
dependent offspring, and offspring helpers within the family setting represent interacting 
phenotypes, where both the expression and fitness payoffs of these social traits, such as 
providing care, depend on interactions between phenotypes in the group (Kolliker et al., 
2012; Moore et al., 1997; Wolf et al.,  1998). The evolution of social monogamy and 
biparental care could therefore alter the selective environment for helping by influencing 
both the local social environment (the family) and population demographics in ways 
favorable to the evolution of cooperative breeding (Fig. 1d) (Arnold & Owens, 1999; 
Hatchwell & Komdeur, 2000). 
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Parental care in general favors adaptations in offspring that make young more 
efficient at demanding, receiving, and utilizing parental care (Kolliker et al., 2012; 
Godfray, 1995). The advent of these offspring traits in turn changes the selective 
environment for parents, resulting in parent-offspring coevolution (Kolliker et al., 2012). 
The addition of male care in biparental systems could have allowed already altricial 
offspring to become even more dependent on parental care due to the added safety and 
care afforded by two parents (Burley & Johnson, 2002). Increased dependency of 
offspring could further shape the social selective environment such that the value of care 
is increased for both parents and helpers, thus increasing the benefits of cooperative 
brood care. Indeed, phylogenetic analyses have revealed that the evolution of altriciality 
and cooperative breeding are correlated in evolutionary time, suggesting that offspring 
dependency might increase the value of care, thus favoring the evolution of cooperation 
(Ligon & Burt, 2004).  
Similarly, year-round territoriality and joint-territory defense associated with 
lifetime monogamy influence population demography in ways that both make territory 
acquisition more difficult for young adults and increase the value of cooperative defense 
(Arnold & Owens, 1998; Baglione et al., 2005; Kokko & Ekman, 2002; Rowley & 
Russell, 1990). It is unclear whether joint defense of a territory is a cause or consequence 
of lifetime monogamy. Regardless, the subsequent evolutionary changes to demography 
(e.g. increased habitat saturation) and difficulty in obtaining breeding territories due to 
joint-defense are likely to have further shaped the social selective environment. 
Dispersing juveniles in such systems have poor prospects, and so joint territory defense 
might favor juveniles that delay dispersal and contribute to defense and brood care. 
Evidence suggests that year-round territoriality promotes the evolution of cooperative 
breeding in birds, suggesting that social mating decisions could influence demography in 
ways that favor cooperation (Arnold & Owens, 1998, 1999; Hatchwell & Komdeur, 
2000). 
Alternatively, the evolution of cooperation could shape the selective environment in 
ways that favor monogamy (Fig. 1e). For instance, monogamy would be advantageous in 
a social environment where helpers preferentially help rear only full siblings. Kin 
recognition and preferential care of close relatives has been observed in a number of taxa 
(Gadagkar, 1985; Griffin & West, 2003; Komdeur, 2008), and the benefits of this help 
(e.g. enhanced nest productivity) are higher in species with greater levels of kin 
discrimination (Griffin & West, 2003), suggesting that helpers could select for mate 
fidelity in parents. Helpers might also increase parent fidelity by actively preventing their 
parents from re-mating (Welbergen & Queller, 2006). While this process would not 
explain the evolutionary transitions from monogamy to cooperation, it is consistent with 
contemporary correlations between monogamy and cooperation (Cornwallis et al., 2010) 
and presents yet another facet of the complex coevolutionary dynamics between 
cooperation and monogamy. 
 
Implications for Hamilton’s Rule 
Investigating these coevolutionary processes reveals that certain factors could 
influence multiple terms in Hamilton’s rule simultaneously in complex ways. Sibling 
relatedness, for example, is a consequence of mating decisions, and the causes and 
consequences of these decisions have major influences on both the selective environment 
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as well as the available trait variation upon which selection can act. This implies that the 
terms in Hamilton’s Rule are not modular, but are likely to covary, possibly across a wide 
array of circumstances. While the idea that relatedness is a dynamic, rather than static, 
variable has been presented in inclusive fitness models of dispersal (Box 2), the full 
spectrum of circumstances in which this is likely to occur and the consequences of this 
dynamic covariance for the more general framework of cooperative evolution have yet to 
be completely explored. Here, we have identified several additional processes that could 
contribute to this covariance among terms. For example, if the selective environment 
favors increased care of young, both social monogamy and cooperation should be favored 
resulting in a simultaneous increase to both sibling relatedness (through selection for 
monogamy) and the benefits/costs ratio. Here, helping is favored directly by the selective 
environment through changes to b and c and indirectly through increased sibling 
relatedness by selection for parent fidelity (Fig. 2b). In addition, from an evolutionary 
perspective, monogamy influences not only sibling relatedness, but also the social 
selective environment through parent-offspring coevolution and changes to demography, 
potentially increasing b/c and sibling relatedness simultaneously. The subsequent 
evolution of cooperation is also made even more likely if that lineage, by being 
ancestrally monogamous, possesses social traits that could be co-opted for cooperative 
behaviors.  
 
Future directions 
Although the many layers of codependence between traits described above 
complicate the assignment of causal relationships in the correlated evolution of traits, we 
contend that careful attention to alternative hypotheses and the use of novel comparative 
techniques could provide a better understanding of these systems.  Relatively new 
advances in phylogenetic confirmatory path analyses provide tractable ways with which 
to assess causal relationships and their effect sizes in systems where many causal 
pathways must be examined (Von Hardenberg & Gonzalez-Voyer, 2012). This statistical 
technique uses information theory and model selection to test among multiple 
hypothetical causal pathways while controlling for non-independence due to phylogenetic 
relationships (Von Hardenberg & Gonzalez-Voyer, 2012). These phylogenetic 
confirmatory path analyses have already been successfully employed to sort out other 
complex evolutionary questions (Kroger et al., 2014; Swanson & Dantzer, 2014), and are 
likely to prove integral in solving remaining evolutionary problems, such as the 
correlated evolution of monogamy and cooperation.  
Currently, no comparative studies investigating the correlation between monogamy 
and cooperation have considered alternative hypotheses for this observed pattern. While 
all of our proposed alternative processes predict a correlation between monogamy and 
cooperation, and none are necessarily mutually exclusive to one another, there are clear 
differences between these different hypothetical evolutionary routes that lead to testable 
predictions (detailed in Table 2). Phylogenetic path analyses that incorporate additional 
factors, such as ecological and social selective pressures, pre-adapting traits, and sibling 
relatedness, will allow for identification of the most likely causal pathways and 
assessment of the strength of each variable’s contribution to the evolution of cooperation.  
Examinations of contemporary lineages could also provide insight into how these 
different processes act in ecological time. Investigating the strength and direction of 
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selective pressures that influence both monogamy and cooperation, for example, could 
determine which factors are most important in maintaining both traits. In particular, the 
ways that sibling relatedness, environmental factors that influence both monogamy and 
cooperation (e.g. environmental harshness), and social selective pressures resulting from 
the establishment of ancestral monogamy interact to favor cooperation could be explored 
by examining the action of these selective pressures in contemporary lineages. For 
additional questions regarding the correlation between monogamy and cooperation, both 
in evolutionary and ecological time, see Outstanding Questions. 
 
Concluding remarks 
We have identified several important evolutionary and ecological processes that 
could contribute to the correlated evolution of monogamy and cooperation. We argue that 
monogamy influences cooperation in numerous ways, from increasing sibling 
relatedness, to creating or covarying with relevant selective pressures, to providing the 
basis for relevant standing variation for social traits. The main point we emphasize here is 
one that has been made many times before: that complex traits are not isolated variables 
that can be adjusted independently of one another, but rather represent highly 
interconnected components of a larger system composed of both the organism and its 
environment (Gould & Lewontin, 1979; Sih et al., 2004). These sorts of holistic, systems-
level approaches now characterize several other behavioral fields, including the study of 
parental decisions and mating decisions (Alonzo, 2010), as well as the study of suites of 
correlated behaviors, or behavioral syndromes (Sih et al., 2004). We thus call for a 
similar paradigm shift towards recognizing the interdependence between mating systems 
and social systems, not only to better understand the correlated evolution of monogamy 
and cooperation, but also to stimulate the development of novel research avenues and 
insight into age-old questions about cooperative evolution.  
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Boxes, Tables, & Figures 
BOX 1: The similarities between helpers and parents 
The similarities between the selective factors shaping monogamy and cooperation 
can be demonstrated using classic theory. A useful starting point is a simple modification 
(West-Eberhard, 1975) of Hamilton’s Rule: 
 
(1) rxb-ryc > 0 
 
where b is the benefit of helping, measured as the increase in lifetime reproductive 
success for the receiver of help, and c is the cost of helping, measured as the reduction in 
lifetime reproductive success for the helper. The benefits are modified by the relatedness 
between the helper and the offspring of the recipient (rx), and the costs by the relatedness 
coefficient between the helper and its own offspring (ry) (West-Eberhard, 1975 ). When 
the relatedness-modified benefits outweigh the costs, helping is favored. Thus helping 
tends to be favored when the value of care (b) is high and when the costs (c) are reduced, 
such as when helpers have low mating or dispersal success. 
Similar cost-benefit models have been developed for monogamy and parental care 
as well (Maynard Smith, 1977; Fromhage et al., 2007; Queller, 1997). We focus on 
Queller’s (1997) model where x represents the total population reproduction, m and f are 
the numbers of males and females, respectively, c is a coefficient of lost opportunities to 
mate given care (so cX/m is equivalent to the c in Hamilton’s rule above; the number of 
offspring expected to be missed when providing care), b is the gain in offspring per 
individual providing care, and p is the fraction of offspring in the brood related to the 
father. In this model, males and females are selected to provide care when: 
 
(2) pb > cx/m 
(3) b > cx/f 
 
Parental care, like helping, is selected when the benefits (to the offspring’s fitness, 
b) outweigh the costs (to the parent’s fitness, cx/(m or f)). Though Queller (1997) 
speculated as to the precise mechanisms of the fitness costs parents could incur, these 
costs and benefits could easily be interpreted as changes to lifetime reproductive success, 
as in Hamilton’s Rule. This eliminates the need to compare cost currencies between sexes 
and makes clear that selection for parental care depends substantially on both the benefits 
of providing care and the costs from lost mating opportunities or reduced future 
reproductive success, as in the helper equation. Note that the benefits to males in this 
model are modified by his paternity in the brood, indicating that relatedness between 
actor and recipient is as important for paternal care to be favored as it is for helping 
(Maynard Smith, 1977; Westneat & Sherman, 1993).  
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BOX 2: Relatedness as a dynamic variable 
Relatedness between interacting individuals has been previously recognized as a 
dynamic, rather than static, variable in certain theoretical treatments, particular those 
modeling dispersal strategies (Gandon & Roussett, 1999; Gandon, 1999; Taylor 1988). 
Though describing the full complexity of these models is beyond the scope of this 
discussion, the main point we wish to highlight from these studies is the codependency 
that arises between relatedness and the costs and benefits of dispersal. Limited dispersal 
results in high local relatedness, which dictates the inclusive fitness costs and benefits of 
dispersing. When local relatedness within a patch is high, competition between relatives 
reduces a focal individual’s inclusive fitness (for a full review of competition and local 
relatedness see West et al., 2002), thus promoting dispersal, which in turn affects spatial 
relatedness patterns. Though the focus here is on dispersal strategies, the dynamic 
relationship between relatedness and dispersal has implications for cooperative or 
altruistic behaviors as well. Specifically, high costs for dispersing reduce the costs of 
helping while simultaneously increasing local relatedness, creating empirical 
complications for assessing the relative importance of relatedness and cost and benefit 
terms in the evolution of cooperation. 
The fecundity distribution in the population is another factor that influences local 
relatedness and could have consequences for other terms in Hamilton’s Rule (Lehmann & 
Balloux, 2007). Here, increasing variance in fecundity could increase local relatedness if 
one or a few individuals have comparatively high fecundity, resulting in a deme of 
mostly related individuals (Lehmann & Balloux, 2007). The factors that cause variance in 
fecundity, and thus patchy local relatedness, might themselves have effects on the costs 
and benefits of helping. Beckermann et al. (2011), for example, show that predation, if 
targeted towards family groups, would not only contribute to variance in fecundity 
between families but also increase the benefits of cooperative defense, favoring kin-based 
cooperation by both increasing local relatedness and increasing the benefits of help. This 
provides a particularly cogent example of the idea that Hamilton’s Rule is a description 
of a dynamic system and thus requires a systems-level approach to analyze correctly.  
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Table 1 Summary of the ecological selective factors expected to influence both 
cooperation and monogamy similarly. 
Ecological 
Factor 
Influence on 
Monogamy 
Influence on 
Cooperation 
References 
Limited nest 
sites 
Favors joint territory 
defense and limits 
alternate breeding 
opportunities, 
favoring monogamy 
Favors delayed 
dispersal by reducing 
reproductive 
opportunities 
Freed 1987; 
Brown 1987; Gill 
& Stutchbury 
2006; Marzluff & 
Balda 1988; 
Koenig & Pitelka 
1981 
 
Predation 
Increases benefits of 
defending offspring 
and partner, and 
increases risk 
associated with 
seeking additional 
mates 
Increases indirect 
and direct benefits of 
cooperative defense, 
increases dispersal 
costs, and reduces 
probability of 
successfully breeding 
independently  
Wilson 1975; 
Gamero & 
Kappeler 2015; 
Mainwaring & 
Griffith 2013; 
Noren et al. 2012; 
Sorato et al. 
2012; Riehl 2011; 
Heg et al. 2004 
Environmental 
Unpredictability 
Favors monogamy as 
an insurance strategy, 
where biparental care 
pays off when 
conditions are 
unfavorable 
Increases benefits of 
helping and delaying 
dispersal in 
unfavorable years 
("buffering") 
Rubenstein 2011; 
Rubenstein & 
Lovette 2007 
Limited 
resources I: 
Scarce 
resources 
Increases benefits of 
biparental care 
(increased 
provisioning rate) 
Increases indirect 
benefits of 
cooperative care 
(increased 
provisioning rate). 
Emlen 1982; 
Dunn & Hannon 
1992; Heinsohn 
1992; Faulkes et 
al. 1997; Emlen 
& Wrege 1991 
Limited 
resources II: 
Poor quality 
resources (e.g. 
foliage, wood) 
Increases benefits of 
biparental care 
(increased 
provisioning rate, 
enhanced resource 
processing) 
Increases indirect 
benefits of 
cooperative care 
(increased 
provisioning rate, 
enhanced resource 
processing) 
Beehler 1985; 
Choe & Crespi 
1997; Stacey & 
Koenig 1990 
Limited 
resources III: 
Difficult to 
obtain resources 
(e.g. prey) 
Increases benefits of 
cooperative hunting 
(in pairs) and defense 
of prey 
Increases indirect 
benefits of 
cooperative hunting 
(in groups) and prey 
defense 
Bowen 1981; 
Creel 1997; 
Wilson 1975 
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Table 2 Testable predictions of alternative processes giving rise to the correlated 
evolution of monogamy and cooperation in comparative studies. 
Hypothesis Predictions 
Monogamy hypothesis 
(sibling relatedness) 
Variation in sibling relatedness per se will affect 
transitions to cooperation when potential confounding 
factors are controlled. 
Ecologically driven 
covariance  
Ecological factors predicted to favor both monogamy and 
cooperation, such as predator pressure, food limitation, 
environmental harshness, etc., will affect transitions to 
both monogamy and cooperation. Accounting for them will 
reduce the correlation between monogamy and 
cooperation.  
Phylogenetic 
facilitation through 
pre-adaptations 
Cooperation will be more common in lineages with 
ancestral adaptations to social living and cooperation, such 
as pair boding, parental behavior, and parental cooperation, 
than in lineages that do not possess these traits. 
Evolving and co-
evolving selective 
pressures I: 
Monogamy favors 
cooperation 
Changes to the social environment favorable to cooperative 
breeding, such as joint-territory defense, habitat saturation, 
or highly altricial young will explain transitions to 
cooperation when levels of sibling relatedness and 
ecological factors are controlled.  
Evolving and co-
evolving selective 
pressures II: 
Cooperation favors 
monogamy 
Transitions to genetic monogamy would be more common 
in cooperative lineages. Genetic monogamy would also 
occur more frequently when kin recognition is present once 
other factors, such as low density, are controlled.   
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Figure 1 Schematic of the alternative hypotheses for the correlation between 
monogamy and cooperation. Arrows indicate positive relationships. Gray boxes 
and black arrows (a) represent the classic view of the monogamy hypothesis, 
indicating a causal relationship between monogamy and cooperation through 
sibling relatedness. Green boxes and arrows (b) depict how common selective 
factors could favor monogamy and cooperation simultaneously. Red boxes and 
arrows (c) show how traits favored for pair cooperation and parental care could be 
co-opted for use in more complex social contexts. Blue boxes and arrows (d) depict 
how the evolution of monogamy influences the social environment such that 
cooperation is favored. Finally, purple boxes and arrows show (e) how cooperation 
could increase selective pressure for monogamy. 
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Figure 2 Environmental influences on both mating and social behavior. (a) As an 
environmental factor that favors offspring care increases (e. g. food scarcity, nest 
predation, etc.), the fitness benefits to parents or helpers of providing care increase, 
favoring different levels of cooperative care along a proposed spectrum from 
uniparental care to cooperative brood care. Examples of these behavior categories 
depicted from right to left include a cluster of mating water striders (J.  Dillard), a 
spawning Coho salmon pair with jack present (Copyright Thomas C Kline, Jr, used 
with permission), a Laysan albatross pair with eggs (Patte David, U.S. Fish & Wildlife 
Service), and a gray wolf pack (Yellowstone National Park Service). (b) As the 
benefits of care increase, lineages might transition to genetic monogamy, raising 
sibling relatedness to 0.5. The transition to cooperation therefore occurs due to a 
simultaneous increase in the benefits of care and 
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Abstract 
Nest construction and paternity assurance are predicted to favor biparental care in 
insects. The horned passalus (Odontotaenius disjunctus) is a socially monogamous beetle 
with biparental care that breeds in decaying logs. The genetic mating system of the 
horned passalus was investigated to determine if paternity assurance is likely to drive the 
evolution or maintenance of paternal care in this system. Parental time budgets were also 
examined to better understand the types and frequencies of behaviors performed by 
parents. Genotyping-by-sequencing revealed high levels of extra-pair paternity, with 
54.8% of offspring sired by extra-pair males and 70% of nests containing extra-pair 
young. More heterozygous social males were cuckolded less than more homozygous 
social males. Extra-pair mating, however, seems unlikely to increase offspring genetic 
diversity since extra-pair offspring were not more heterozygous than within pair 
offspring, and average brood heterozygosity did not increase with higher rates of extra-
pair paternity. Behavioral observations demonstrated that parents spent on average 46.5% 
of their time processing the decaying wood resource for larval offspring. Because 
resource processing is a byproduct of feeding and provides shareable benefits for all 
larvae in the brood, this form of paternal care could be favored despite low paternity.  
 
Introduction 
Understanding the factors that drive the evolution of sex-specific investment in 
parental care has been a major challenge in the study of behavioral evolution (Trivers, 
1972; Maynard Smith, 1977; Kokko & Jennions, 2008). In general, the caring sex should 
receive higher direct or inclusive fitness payoffs from caring for offspring than from 
deserting to seek additional mating opportunities (Trivers, 1972; Maynard Smith, 1977). 
Across animal systems, females generally tend to invest more in care than males, 
suggesting an inherent asymmetry in the costs and benefits of providing care for males 
and females (Trivers, 1972; Clutton-Brock, 1991). One potential explanation for this 
disparity is that males generally have lower certainty of parentage in their broods than 
females (Møller & Birkhead, 1993; Queller, 1997). When fertilization is internal, males 
can be cuckolded with little to no indication of their mate’s infidelity, leading to a 
reduction or absence of genetic descendants present in the brood for which they provide 
care. Like other kin selected behaviors, paternal care intuitively yields the highest fitness 
payoffs when directed towards descendant offspring since the costs to a male’s own 
direct fitness from providing care can be offset by an increase to the fitness of his genetic 
offspring (Hamilton, 1964; Royle, et al., 2012). Thus, all else being equal, males should 
reduce investment in paternal care when female promiscuity is high (Queller 1997; 
Kokko & Jennions 2008; Alonzo & Klug 2012).  
While a generally positive relationship between paternity assurance and paternal 
care has been shown both within and across a variety of species (Møller & Birkhead, 
1993; Neff, 2003; Smith, 1979; Hunt & Simmons, 2002a), paternal care is often 
maintained in species with high levels of extra-pair paternity (Griffin et al., 2013). 
Theoretical and conceptual treatments addressing whether or not males should reduce 
paternal effort in response to low paternity have also produced mixed results, though the 
emerging conclusion from these studies suggests that paternity matters under certain 
conditions (Whittingham et al., 1992; Westneat & Sherman, 1993; Queller, 1997; 
Houston & McNamara, 2002; Sheldon, 2002; Kokko & Jennions, 2008; Alonzo, 2012). 
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For example, low paternity might not favor reduced paternal effort if there is little 
variation in paternity expected between broods (Westneat & Sherman, 1993), the 
likelihood of a male’s future reproduction is low (Benowitz et al., 2013), the costs of 
paternal care are low (Griffin et al., 2013), or females bias fertilization towards males 
that provide care (Alonzo, 2012; Hopwood et al., 2015). The relationship between 
paternity and caregiving is therefore a complicated one with many dynamic components 
to consider. 
In insects, paternity assurance has been proposed as an important driving factor for 
male care in biparental species for two major reasons. First, males that remain in the nest 
with their mate might increase their own paternity through mate guarding (Hopwood et 
al., 2015), repeated copulations (Simmons & Siva-Jothy, 1993), or if females bias 
fertilizations to caring males (Alonzo, 2012). Second, the habit of constructing and 
breeding in defensible nests, a defining characteristic of virtually all studied insects 
expressing biparental care, has been suggested to increase paternity assurance (Suzuki, 
2013). When nesting resources are rare or valuable, females are unlikely to leave the nest 
once it is obtained or constructed, and this retention in the nest site is predicted to reduce 
her encounters with potential extra-pair males (Suzuki, 2013). Valuable nesting resources 
that are difficult to obtain or process might also favor cooperation by both parents if pairs 
are better able to process resources for young or defend their breeding territory from 
competitors than single parents (Nalepa & Bell, 1997; Scott, 1998; Suzuki, 2013). Males 
that defend the nest and brood from predators or competitors can also concomitantly 
guard their mates against extra-pair males, potentially increasing their share of paternity 
in the brood (Zeh & Smith, 1985; Kvarnemo, 2006; Hopwood et al., 2015). It is currently 
unknown how much of the association between nest construction and biparental care is 
due to reduced female promiscuity, increased benefits of jointly defending and processing 
the resource, or both. One reason for this knowledge gap is that few studies have 
examined paternity patterns in insect systems that exhibit biparental care (but see Bartlett, 
1988; Müller & Eggert, 1989; and House et al., 2007) 
Passalid beetles (Coleoptera: Passalidae), or bess beetles, provide a particularly 
compelling model for examining paternity patterns because they exhibit both social 
monogamy and biparental care and nest in defended tunnels, or galleries, excavated in 
rotting logs (Schuster & Schuster, 1985; Valenzuela-Gonzalez, 1993; Schuster & 
Schuster, 1997). The passalid breeding cycle is typically initiated when one beetle, either 
the male or female, begins constructing a tunnel system and is later joined by a member 
of the opposite sex (Schuster & Schuster 1997). The pair cooperatively construct the rest 
of the tunnel system, producing large amounts of frass – the combination of chewed 
wood and feces – upon which both adults and larvae will feed (Schuster & Schuster, 
1997). Both parents participate in offspring care by fastidiously tending their tunnel 
systems, processing the decaying wood resource into frass for offspring consumption, 
and constructing pupal cells for pupating larvae (Gray, 1946; Valenzuela-Gonzalez, 
1993; Schuster & Schuster, 1997). The nesting, larval rearing, and pupation phases of the 
breeding cycle take approximately 4 months to complete (Gray, 1946). After eclosion, 
young adult passalids continue to remain in their natal gallery system for another several 
months, often over winter in temperate regions, while their exoskeleton fully sclerotizes 
before dispersing (Schuster & Schuster, 1997). Prior to dispersal, young adults of some 
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species have also been observed cooperating in brood care by constructing pupal cells for 
younger siblings (Valenzuela-Gonzalez, 1993).  
Despite the long duration of biparental care in this system and the ostensible 
seclusion of the tunnel system, passalid beetles possess several characteristics that make 
extra-pair paternity likely. First, passalid galleries are dense and loosely connected in 
large logs, increasing the potential for contact with extra-pair mates (Gray, 1946). 
Second, during pair formation, passalids quickly re-pair with different individuals 
following disturbance early in the mating cycle (Jackson et al., 2013). In addition, during 
this pair formation phase, a pair will engage in repeated copulations, a behavior 
characteristic of species with high levels of sperm competition (Simmons & Siva-Jothy, 
1993; Schuster & Schuster, 1985, 1997; Hopwood et al., 2015). Finally, females isolated 
for months in laboratory conditions are capable of laying viable eggs presumably through 
the use of stored sperm, suggesting that sperm competition between past and current 
mates might also occur (Schuster & Schuster, 1997; personal observation).  
The goal of this study was to describe paternity in the horned passalus, 
Odontotaenius disjunctus, to assess whether paternity assurance could be a driver of male 
parental care in this passalid beetle. The genetic mating system of the horned passalus 
was characterized using genotyping-by-sequencing, a next-generation reduced genome 
representation sequencing technique (Davey et al., 2011). Since strict genetic monogamy 
was not observed in this study, post-hoc analyses were also performed to determine 
whether several factors known to covary with female promiscuity were associated with 
extra-pair paternity in this population (Griffith et al., 2002). Specifically, I asked whether 
paternity decreased with increasing local density, high relatedness between partners, or 
lower genetic diversity (heterozygosity) of the social male. I also assessed behavioral 
time budgets of parents to identify the types of offspring-care behaviors in which parents 
invest their time to better understand the potential costs and benefits associated with 
parental care in this species. 
 
 Materials & Methods 
Field collection 
All beetles were collected from the Red River Gorge Geological Area, part of the 
Daniel Boone National Forest, in Slade, Kentucky (Powell County), during the summer 
of 2013. Passalid beetles were carefully extracted from six rotting logs along the “Gray’s 
Arch Trail” using a geology hammer to excavate their tunnels. Overall, 60 offspring from 
15 families were collected for paternity analyses. Of these families, 10 were collected 
with both parents, while 5 contained only one social parent (4 mother-only, 1 father-
only). Three additional mature adult beetles that did not appear to be associated with any 
offspring were also found in two of the logs and were included in the study as potential 
extra-pair parents. Families were identified based on the proximity of individuals to one 
another. Though gallery systems for different families can be loosely connected in some 
logs, putative parents and their offspring tend to cluster together and are typically easily 
identified. In the log with the highest density of families (log 1), however, some larvae 
were found roaming through tunnels connecting different galleries. In these cases, larvae 
were assigned to the nearest parent or parent pair. Offspring were subsampled from each 
family such that on average 65.5% of offspring per family were genotyped (range 1-10 
offspring/family). This subsampling may have influenced the precision of extra-pair 
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paternity estimates within families, though this was not likely to have had an effect on the 
population assessment of extra-pair paternity.  
 
DNA extraction, genotyping, and parentage analysis 
Whole genomic DNA was extracted from prothoracic tissue (adults and pupae) or 
head tissue (larvae) that was first lysed in buffer containing a 3X concentration of CTAB 
(cetyl trimethylammonium bromide) before undergoing a standard phenol:chloroform 
extraction procedure. DNA samples were screened for quality (gel electrophoresis) and 
quantity (Quant-iTTM DS DNA Assay) before they were sent to Cornell’s Institute for 
Genomic Diversity (IGD) for genotyping-by-sequencing optimization and library 
preparation following the methods of Elshire et al. (2011). In this protocol, samples are 
first digested using a restriction enzyme, here Pst1. Then, both “barcode” adaptors and 
“common” adaptors are ligated to the ends of these DNA fragments for individual 
identification and PCR amplification and Illumina indexing, respectively (Elshire et al., 
2011). Samples are then pooled, amplified via PCR, and short sequences containing both 
adaptors are sequenced on an Illumina Hi-Seq 2000/2500 flowcell (Davey et al., 2011; 
Elshire et al., 2011). Ultimately, this and other reduced representation genome 
sequencing techniques allow for identification of many sequences from a large, unbiased 
portion of the genome that, by selecting with restriction enzymes, are shared among 
many individuals (Davey et al., 2011). The result is many sequences, or reads, that can be 
aligned within and between individuals to identify single nucleotide polymorphs (SNPs) 
that are then used for genotyping.  
 
Sequence analysis 
Sequences were analyzed using the UNEAK pipeline in TASSEL 3.0, which is 
comprised of a series of programs designed for identifying SNPs without the use of a 
reference genome (Bradbury et al., 2007; Lu et al., 2013). This pipeline trims reads to a 
sequence length of 64 basepairs, then groups identical sequences together to form tags 
that are each represented a minimum number of times (coverage) in the dataset (Lu et al., 
2013). Parentage and relatedness analyses are sensitive to genotyping errors, so read 
depth was set to 10x. Tags that differ by a single basepair are identified through pairwise 
alignment and are grouped together in a network (Lu et al., 2013). A network filter is 
then used to determine whether mismatches represent true SNPs rather than sequencing 
errors by integrating information regarding the coverage and specified error tolerance rate 
(here, set to 0.01, consistent with the average error rate of Illumina HiSeq systems, 
Glenn, 2011). If, for example, one tag is very rare (here, comprising <1% of the total tags 
in that network), the network filter considers it an error and removes it (Lu et al., 2013). 
Finally, the resulting “true” SNPs are filtered to include only those with a specified 
proportion of typing across all individuals in the study. For all parentage and relatedness 
studies, this value was set to include only those SNPs typed for 100% of the individuals 
sampled, resulting in a final panel of 144 SNPs.  
 
Parentage analyses 
Downstream parentage analyses were performed using exclusion and likelihood 
techniques with the parentage software, CERVUS 3.0.7 (Marshall et al., 1998; 
Kalinowski et al., 2007). A total of 60 offspring, 17 potential mothers, and 12 potential 
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fathers were included in this analysis. Offspring were assigned to a given parent if that 
parent-offspring pair demonstrated the highest statistically significant (α =0.05) LOD 
score. Because some putative extra-pair parents might have been missed during sampling 
or dispersed or died prior to collection, sampling completeness for putative parents was 
set to 50% in CERVUS, the recommended default for unknown sampling completeness.  
 
Causes of extra-pair paternity 
Since strict monogamy was not observed, three potential sources of variation in the 
proportion of extra-pair offspring in two-parent broods were investigated: social male 
heterozygosity (proportion of heterozygous loci over total loci), pair relatedness, and 
density of breeders (mature adults/m2 log surface area). Horned passalids prefer the 
moist, relatively soft subcortical region of hardwood logs with intact bark. Since large 
logs decay unevenly, density was calculated only over the surface area of each log that 
appeared suitable for passalid colonization according to these criteria. One log was 
excluded from the density analysis because beetles were found in the heartwood rather 
than the subcortical region, making surface area an irrelevant spatial measurement. 
Because females might engage in extra-pair mating to avoid inbreeding, relatedness 
between naturally occurring pairs was compared to relatedness between 10 pairs of 
randomly selected adult males and females from the population to determine if natural 
partners were more or less closely related to each other than expected due to random 
chance alone. Additionally, heterozygosity of extra-pair and within-pair offspring was 
compared to determine if extra-pair offspring were more heterozygous than within-pair 
offspring.  
Paternity analyses are inherently biased towards greater assignment for males that 
are more heterozygous and more genetically dissimilar from the female (Wetzel & 
Westneat, 2009). When separate, independently segregating, loci are used to calculate 
parentage and pair relatedness and heterozygosity, this bias is almost completely 
eliminated (Wetzel & Westneat, 2009). Therefore, for these analyses, the 144-SNP panel 
was divided into two 72-locus sets: one for paternity assessment and the other for pair 
relatedness and heterozygosity assessment. Although fewer offspring were significantly 
assigned a genetic father after the reduction in loci (41 paternity assignments with 72 
SNPS, 53 with 144 SNPs), paternity, defined as the proportion of offspring significantly 
assigned to the social father, was only marginally affected. This was because only 1 of 
the 19 offspring originally determined as a within-pair offspring from the full 144 SNP 
set was not significantly matched to its social father in the reduced 72 SNP set. Pair and 
sibling relatedness was also calculated using the Queller & Goodnight (1989) relatedness 
calculation in the program SPAGeDi (Hardy & Vekemans, 2002). 
 
Parental time budgets 
Fourteen families were collected from the Red River Gorge (Slade, KY) between 
late July and early August, 2013 for behavioral observations. Because passalid beetles 
often cannibalize very young larvae following disturbance (Schuster & Schuster, 1997; 
King & Fashing, 2007), colonies were collected and observed later in the season when 
larvae are larger and less likely to be cannibalized by family members (personal 
observation). Families contained between 5-25 offspring and both parents were present in 
9/14 families. Immediately following field collection, families were placed inside 
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observation enclosures along with frass and decayed wood collected from their original 
nest site. Observation enclosures were constructed by placing the beetles, decaying wood, 
and frass inside a 1” deep wooden frame that was sandwiched between two sheets of 
plexiglass and sealed with odorless duct tape. These enclosures were kept in the lab in 
complete darkness following collection. Observations were conducted following a 
minimum 24hr acclimation period between July 30 and August 26, 2013.  
Parents were observed through an infrared camera and their behavior was recorded 
in real time following a continuous focal animal observation protocol (Martin & Bateson, 
2007) in the Animal Behaviour Pro application on an iPad 1. Observation times 
decreased from 60 minutes to 30 minutes throughout the season since the proportion of 
time observed on each behavior did not differ between recordings >40min and those 
<40min (pairwise t-tests, all p-values > 0.1). Recorded state behaviors included pupal cell 
construction (pushing frass or wood towards pre-pupae), wood processing (chewing or 
manipulating wood or frass with mandibles), resting (no movement), self-grooming 
(passing legs over body or over antennae), and travelling (walking through tunnels). To 
estimate average time budgets for parents, the percentage of time spent on each of these 
behaviors was calculated over the duration of time that the parents were within view for 
each observation and then averaged across recordings. Because passalids are sexually 
monomorphic and parents were not individually marked in this study in an attempt to 
avoid eliciting unnatural behavior, differences in behavior between males and females 
could not be determined, although previous reports suggest that males and females do not 
seem to differ in their behavior (Miller, 1932; Valenzuela-Gonzalez, 1993; Schuster & 
Schuster, 1997). 
 
Statistical analyses 
All statistical analyses were performed in R version 3.2.1 (R Core Team, 2015). All 
two-category comparisons, such as examinations of differences in parentage between 
males and females, were assessed using Student’s t-tests or, when assumptions of equal 
variance or normality were violated, Welsh tests or Mann-Whitney U tests, respectively. 
Effect sizes for these comparisons were calculated and reported as Cohen’s D, where 
effects were interpreted as small (D = 0.2), medium (D = 0.5), and large (D = 0.8), 
following Cohen (1988). To assess whether pair relatedness, heterozygosity, or density 
influenced female promiscuity, the proportion of extra-pair offspring was treated as a 
binomial response variable in logistic regression models analyzing each of these 
explanatory factors separately. Too few samples were obtained to perform a multiple 
regression including each explanatory factor simultaneously, however, independence 
between explanatory variables was confirmed using Pearson’s product-moment 
correlations.  
 
Results 
Parentage & Relatedness 
Fathers with a significant LOD score were assigned to 53/60 offspring when all 144 
SNP loci were examined, and 41/60 offspring when the 72 SNP loci set was used. 
Mothers were significantly assigned to 56 and 49 offspring with the 144 and 72 SNP sets, 
respectively. Social mothers were assigned to their offspring at a 77.6% higher average 
rate than were males in two-parent groups (average proportion of female parentage in 
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brood = 0.95 ± SE 0.034; average male parentage in brood = 0.535 ± SE 0.135; Mann-
Whitney U test, w = 79, p = 0.018; D =1.33, Fig. 1). Social mothers in two-parent 
families were also significantly more related to their broods than were social fathers 
(Student’s t-test, t = 3.0, df = 18, p = 0.008; D = 1.3; table 1). When both single and two-
parent families were combined, social mothers still had higher parentage (average female 
parentage = 0.893 ± SE 0.073, average male parentage = SE 0.577 ± 0.13; Mann-
Whitney U test, w =111, p = 0.038; D = 0.88; Fig. 1) and higher relatedness to their 
broods (Mann-Whitney U test, w = 121, p = 0.015; D = 1.0; table 1) than did social 
males. In total, 54.8% of all offspring sampled with both social parents were sired by 
extra-pair males. The proportion of two-parent broods containing offspring that did not 
belong to the social male (7/ 10) was also higher than those containing offspring that did 
not belong to the social female (2/10). Both families with offspring that were not matched 
to the social mother were located in the highest density log, and mixing of offspring from 
multiple colonies likely contributed to these maternal mismatches. This clearly occurred 
in one single-mother colony in which none of the five offspring matched the social 
mother; three of these offspring, however, were assigned to the social mother and father 
of a neighboring group located within ~0.5m in the same log.  
 
Causes of Extra-pair Paternity 
Since the small number of two-parent families present in this study (n=10) 
precluded the use of a multiple generalized linear regression, individual regressions with 
single explanatory variables were conducted instead. The three explanatory variables, 
density, social male heterozygosity, and pair relatedness, were uncorrelated with one 
another, however, suggesting independence between individual logistic regressions 
(Pearson’s product-moment correlations: pair relatedness and density, corr. coef. = -0.22, 
t = 0.89, df = 7, p = 0.41; density and male heterozygosity, corr. coef. = 0.32, t = -1.37, df 
= 7, p = 0.21; male heterozygosity and pair relatedness, corr. coef. = -0.46, t = -0.64, df = 
8, p = 0.53).  
Density of adult breeders did not significantly influence the proportion of extra-
male offspring in a brood, although there was a non-significant trend for higher levels of 
extra-pair offspring in broods in higher density logs (odds ratio = 1.07 (reference, within-
male offspring), z = -1.733, p = 0.08). Average relatedness between partners was low and 
did not differ from the average relatedness between 10 pairs of adults randomly drawn 
from the population (Student’s t-test, t = 0.13, df = 18, p = 0.9; D = 0.06; Table 1). Social 
fathers that were more closely related to their social partners did not have more extra-pair 
offspring in their broods than did those that were less closely related (odds ratio = -1.41, z 
= -0.72, p = 0.47; Fig. 2a). Though more heterozygous males had significantly fewer 
extra-pair offspring in their broods (odds ratio = 15.44, z = 2.34, p = 0.019; Fig 2b), 
extra-pair offspring were not significantly more heterozygous (n = 24; average 
heterozygosity 0.46 ± SE 0.021) than within-pair offspring (n = 18; average 
heterozygosity = 0.473 ± SE 0.014; Student’s t-test, t = -0.45, p = 0.65; D = 0.18; Fig 3a). 
In addition, average brood heterozygosity did not increase with higher rates of extra-pair 
paternity (Pearson product-moment correlation coefficient = 0.17, t = 0.48, df = 8, p = 
0.64; Fig. 3b). While these correlational analyses are valuable given the paucity of 
knowledge regarding genetic mating patterns in this system, the small number of families 
analyzed warrants caution when drawing conclusions from these results. 
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No generalizations regarding the heterozygosity of extra-pair males or their 
relatedness to the social female were made since there appeared to be uncertainty in the 
identification of extra-pair males in this study. First, offspring that were not significantly 
assigned to their social fathers often were not significantly assigned any father (14/24 
extra-pair young). In addition, identities of some extra-pair fathers seemed unlikely given 
that they were assigned to offspring in logs ~100m away – a distance far beyond the 
average predicted dispersal distance for bess beetles (~5m, Jackson et al. 2013). Some 
fathers were also assigned to offspring in several broods across logs in the study, which 
also seemed unlikely to have occurred. These sorts of suspicious extra-male assignments 
in CERVUS results have been reported in other parentage studies (e.g., Gienapp & 
Merila, 2010), and are thus unlikely to indicate inaccuracies in the assignment of within-
pair males - the primary data used in this study.  
 
Parental care 
In total, 25 observations were conducted with 14 families yielding a total of 16 
observation hours. Because colonies were collected at different times throughout the 
observation period, the total number of observations for each family varied between 1-5 
with a median of two observations per family. The average percentage of time spent on 
each of the five state activities analyzed across families is summarized in Fig. 4. Though 
parents spent on average 19.8% of their time in contact with offspring and were targeted 
with begging signals from offspring in 9/25 observations, no events of obvious direct 
larval provisioning through mandibular contact or frass production were observed.  
 
Discussion 
Biparental care is believed to occur most frequently in nest- or burrow-constructing 
insect lineages in part because insects that cloister themselves inside a defensible nest 
during reproduction are presumed to have high paternity assurance (Suzuki, 2013). 
Despite the long duration of male parental care in passalid beetles and their reliance on 
defended burrows in decaying logs for breeding, high levels of extra-pair paternity were 
revealed in this study. Seven out of ten two-parent nests contained extra-pair offspring, 
with 54.8% of all offspring genotyped sired by extra-pair males. This finding has major 
implications for the evolution and maintenance of paternal care and suggests that 
selective factors other than paternity assurance are able to favor or maintain paternal 
investment. Low cost parental care that provides substantial benefits to the entire brood 
and male behaviors that dually function to aid offspring and increase paternity might 
explain the evolution and persistence of male care in biparental systems despite high 
female promiscuity. 
 
Parentage and parental care  
Paternal care might be favored despite low paternity if parental behaviors are low 
cost or shareable (Zeh & Smith, 1985; Westneat & Sherman, 1993). Shareable behaviors, 
such as nest construction or defense, benefit the entire brood at a fixed cost that does not 
vary with the number of offspring receiving the benefit. Non-shareable behaviors, such as 
provisioning, benefit only a single offspring with costs increasing proportionally with 
each additional offspring that receives care. In biparental species where extra-pair 
paternity is frequent, males might be expected to invest more in shareable than non-
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shareable forms of care since these behaviors benefit both descendent and unrelated 
offspring at no additional cost. Indeed, the majority of insects that express biparental care 
engage in shareable forms of care, including nest or burrow construction and resource 
processing (Zeh & Smith, 1985; Suzuki, 2013). In burying beetles (Nicrophorus spp.), for 
example, multiple female mating is common and males invest more in brood guarding 
and less in provisioning than females (Fetherston et al., 1990; Smiseth & Moore, 2004). 
Male burying beetles also terminate their investment in offspring care earlier than 
females by deserting the brood on average a few days sooner than the female (Bartlett, 
1988; Müller et al., 2007; Ward et al., 2009). Similarly, in many dung beetle species, 
including the “rollers” (tribe Scarabaeini) and “burrowers” (genera Copris, Synapsis, and 
Helicopris), both males and females cooperate in nest construction by rolling dung balls 
and constructing burrows (Halfftner, 1997). When post-hatching care, such as 
provisioning, is provided, however, it is performed almost exclusively by the female 
while males typically abandon just before or shortly after hatching (Halfftner, 1997). 
Although males of the biparental dung beetle Onthophagus taurus often provide post-
hatching care, they invest less in this effort than the female following hatching (Hunt & 
Simmons, 2002b) and are more likely to desert if confidence of paternity is low (Hunt & 
Simmons, 2002a). This increased relative male investment in shareable over non-
shareable parental behaviors in these two major groups of biparental beetles might be due 
in part to reduced paternity assurance arising from multiple female mating prior to nest 
construction. 
Passalids also invest substantially in shareable forms of care, including tunnel 
construction and wood processing, yet both males and females appear to associate with 
their broods for equally long periods of time (Gray, 1946). Although this study revealed 
that the majority of passalid parents’ time is devoted to resource processing, a substantial 
time investment in pupal cell construction, a non-shareable form of parental care, was 
also demonstrated. Resource processing and frass production are behaviors that not only 
provide high benefits for the entire brood, but are also byproducts of feeding, suggesting 
low costs for parents who perform this behavior for both related and unrelated offspring. 
Pupal cell construction, in contrast, is presumably more costly than wood processing 
since adults do not feed while they perform this behavior and it is non-shareable. 
Although sex differences in behavior were not examined in this study, Miller (1932) 
reported “no marked tendency for individuals of one sex to interest themselves more than 
the other in the care of the young,” with regards to his observations of pupal cell 
construction in the horned passalus. Miller (1932), however, did not measure male and 
female contributions to pupal cell construction, thus the relative investments made by the 
different sexes in this behavior have yet to be adequately quantified. Further studies, 
however, could reveal fixed or plastic sex-related differences in the performance of these 
non-shareable forms of care (e.g., Hunt & Simmons, 2002a). Male passalids might also 
be predicted to completely terminate investment and abandon nests more frequently than 
females if they perceive that they have been cuckolded. More fatherless families were 
discovered in this study (4/15) than motherless families (1/15), yet it is unclear whether 
these missing males abandoned or merely died prior to collection. Further studies 
investigating sex-specific differences in parental care and desertion rates will be needed 
to better understand the more nuanced effects of low paternity assurance on paternal care 
in passalids.  
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That male passalids ostensibly invest similarly to females in their time spent with 
the brood and continue to engage in non-shareable forms of care despite low paternity 
suggests several alternative, yet non-mutually exclusive hypotheses regarding the costs 
and benefits of paternal care in this system. First, unlike other biparental beetles, passalid 
larval development is slow (3-4 months, Gray, 1946), and resource processing might 
continue to be beneficial and necessary for offspring development throughout the entire 
nesting cycle. Indeed, woodroaches in the family Cryptocercidae, also exhibit high levels 
of both male and female investment in wood processing and offspring provisioning for up 
to several years, suggesting that wood-feeding might necessitate prolonged investment in 
preparing resources for offspring (Nalepa & Bell, 1997). In addition, resource processing 
in both woodroaches and passalids is highly valuable since it not only increases the 
nutritional value of the resource for offspring, but also ensures that offspring are exposed 
to beneficial hindgut symbionts that are shed during each molt (Nalepa & Bell 1997; Suh 
et al., 2003). Second, non-shareable forms of care, such as pupal cell construction, might 
carry so few costs to the father and provide enough benefits to the offspring that it is 
favored despite the potential for “wasting” this effort on unrelated members of the brood. 
Pupal cells are necessary for protecting the fragile pupae in the high-traffic tunnels, and 
the costs of failing to provide this service to genetic descendants might outweigh the 
costs of helping non-descendant offspring. Third, nest abandonment might not provide 
males with many benefits if they are unlikely to mate again or increase their paternity in a 
subsequent brood. By the time larvae are ready to pupate, it might be too late in the 
season to initiate a second brood. At the time of male desertion, receptive females might 
also be largely unavailable for mating due to their prolonged investment in offspring care. 
Finally, if extra-pair paternity rates are similar for every brood, males might be better off 
tending their current offspring rather than abandoning since they will not expect a greater 
share of paternity in any subsequent brood (Westneat & Sherman, 1993).  
Another interesting feature of male care in biparental insects is that in many 
instances it might also serve to increase his paternity assurance (Tallamy, 2000; 
Kvarnemo, 2006; Alonzo, 2012; Kahn et al., 2013; Hopwood et al., 2015). Male 
investment in resource processing and defense early in the nesting phase might also allow 
him defend his mate from extra-pair males or engage in repeated copulations, giving him 
an advantage in sperm competition (Simmons & Siva-Jothy, 1993; Kvarnemo, 2006; 
Hopwood et al., 2015). During courtship, passalids do in fact engage in repeated 
copulations, implying an important role of sperm competition (Schuster & Schuster 
19,85, 1997; Simmons & Siva-Jothy, 1993). Additionally, although passalids defend their 
nests against adult intruders of either sex once paired, they appear to be more aggressive 
towards those of the same sex, suggesting that this defensive behavior might also 
function in mate guarding (Schuster & Schuster, 1997). Adult horned passalus beetles 
that have not yet reproduced readily cannibalize unfamiliar larvae (King & Fashing, 
2007); therefore, remaining with the female could both improve paternity and offspring 
survival simultaneously. Additional studies investigating the effects of social male 
removal on subsequent female mating and offspring fitness when additional males are 
present are needed to assess the adaptive function of both mate and brood guarding. 
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Extra-pair paternity and increased genetic diversity 
In cooperative breeders, such as passalids, extra-pair paternity is a commonly 
employed mechanism to avoid inbreeding and increase genetic diversity, particularly 
when the costs to dispersal are high (Brooker et al., 1990; Pusey & Wolf, 1996; Sillero-
Zubiri et al., 1996; Foerster et al., 2003). Although the results of this study suggest that 
females might bias fertilization towards more heterozygous social males, extra-pair 
offspring were not more heterozygous than within-pair offspring and broods with high 
rates of extra-pair paternity were not more heterozygous on average than those with 
lower rates. These findings suggest that extra-pair mating may have little impact on brood 
genetic diversity. These results, however, should be interpreted with caution given the 
incomplete sampling of broods and small number of families represented in these 
correlational analyses. Further investigations into the fitness consequences of mating with 
more homozygous or closely related individuals as well as more complete paternity 
analyses will be needed to determine whether promiscuous mating is indeed an 
adaptation to increase genetic diversity. 
 
Conclusions 
Although biparental care is predicted to occur in species with high paternity 
assurance, high levels of extra-pair paternity were revealed in the socially monogamous, 
biparental horned passalus, Odontotaenius disjunctus. This finding is particularly 
interesting in this system because in addition to paternal care, this species exhibits the 
occasional occurrence of offspring helpers. Helping behavior, like paternal behavior, is 
also predicted to inversely correlate with female promiscuity since mixed paternity 
reduces the coefficients of relatedness between siblings (Boomsma, 2007, 2009). This 
suggests that factors other than high within-family relatedness are responsible for the 
evolution and maintenance of both paternal care and cooperative care in this system. Low 
cost or shareable parental or cooperative behaviors, such as resource processing or 
defense against conspecifics, could be maintained despite high extra-pair paternity in this 
system since these behaviors benefit all offspring in the brood equally. Though not tested 
here, direct advantages of remaining in the colony, such as warding off additional extra-
pair mates, could also favor this long-term paternal investment despite low paternity. By 
demonstrating that social monogamy and nest construction do not necessarily indicate 
high paternity assurance, this study both emphasizes the value of investigating mating 
behavior in species with biparental care and suggests future directions for exploring the 
factors that favor insect paternal care. 
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Tables & Figures 
Table 3 Pairwise relatedness values calculated using the Queller & Goodnight 1989 
method reported as mean ± SE for different relationships 
Relationship 
 
Number 
 
 
Pairwise 
Relatedness  
(mean ± SE) 
Total population (all individuals) 92 individuals -0.01 ± 0.00 
Social mother to brood (two parent 
families) 10 families 0.34 ± 0.03 
Social father to brood (two parent 
families) 10 families 0.18 ± 0.05 
Social mother to brood (all families) 14 families 0.33 ± 0.03 
Social father to brood (all families) 11 families 0.19 ± 0.04 
Sibling to sibling in a brood 12 families 0.29 ± 0.03 
Social mother to social father* 10 pairs -0.03 ± 0.05 
Average adult relatedness 29 individuals -0.03 ± 0.01 
*calculated with 72 SNP set 
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Figure 3 Average parentage, measured as the proportion of offspring in a brood 
significantly matched to the social parent, ± standard error for males and females in 
two parent broods (hatched) and all broods combined (open). 
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Figure 4 The relationships between social male parentage (proportion of young 
sired by social male in brood) and (a) pair relatedness and (b) social male 
heterozygosity. Each point represents an individual family and lines are linear 
regression slopes. Both regressions were analyzed using generalized linear models 
(logistic regression) with parent relatedness (a) or social male heterozygosity (b) as 
the explanatory variable and proportion paternity as the binomial response 
variable. 
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Figure 5 Heterozygosity of extra-pair offspring (n=18) and within-pair offspring 
(n=24) (means and standard error). (b) Average heterozygosity of brood plotted 
against social male’s paternity (proportion of offspring assigned to social male in 
nest). Points represent individual families and line represents linear regression 
slope. 
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Figure 6 Average parent time budget based on 30 observations of 14 colonies. 
Displayed values are averages and standard errors. 
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Abstract 
Delayed juvenile dispersal is an important prerequisite for the evolution of family-
based social systems, such as cooperative breeding and eusociality. In general, young 
adults forego dispersal if there are substantial benefits to remaining in the natal nest 
and/or the likelihood of dispersing and breeding successfully is low. We investigate some 
general factors thought to drive delayed juvenile dispersal in the horned passalus beetle, a 
family-living beetle in which young adults remain with their families in their natal nest 
for several months before dispersing. Fine scale population genetic structure indicated 
high gene flow between nest sites, suggesting that constraints on mobility are unlikely to 
explain philopatry. Young adults do not breed in their natal log and likely disperse before 
reaching breeding age, suggesting that they do not gain direct reproductive benefits from 
delayed dispersal. We also examined several ways in which parents might incentivize 
delayed dispersal by providing prolonged care to adult offspring. Although adult beetles 
inhibit fungal growth in the colony by manipulating both the nest-site and deceased 
conspecifics, this is unlikely to be a major explanation for family living since both 
parents and adult offspring seem capable of controlling fungal growth. Adult offspring 
that stayed with their family groups also neither gained more mass nor experienced faster 
exoskeleton development than those experimentally removed from their families. The 
results of these experiments suggest that our current understanding of the factors 
underlying prolonged family living may be insufficient to explain delayed dispersal in at 
least some taxa, particularly insects. 
 
Introduction 
Cooperative brood care occurs when both breeding and non-breeding adults care for 
offspring at a single nest. Intriguingly, this social system has evolved independently 
many times across a wide variety of animal taxa, from eusocial insects to humans 
(Sherman et al., 1995; Hrdy, 2007). The majority of these societies also have in common 
a family-based social organization in which breeders receive help from their adult 
offspring (Emlen, 1995; Koenig & Dickinson, 2004; Drobniak et al., 2015). In these 
family-based societies, offspring helping is generally preceded by the evolution of young 
adults remaining in the natal nest or territory after reaching maturity, a behavior 
commonly referred to as delayed dispersal (Ekman, 1994; Emlen, 1995; Ekman et al., 
2001; Boomsma, 2009; Howard & Thorne, 2011; Drobniak et al., 2015). An 
understanding of the factors that first give rise to delayed dispersal and prolonged family 
cohesion is therefore critical to our understanding of the evolution of more complex 
societies. 
In general, young adults tend to delay dispersal when there are substantial benefits 
from staying with the natal group or the likelihood of successfully dispersing and 
breeding independently is low (Emlen, 1982). For instance, young adults that stay with 
their family groups might obtain direct breeding opportunities (Richardson et al., 2002; 
Biedermann, 2007), inherit the natal nest or territory (Pe & Weissing, 2000; Komdeur & 
Edelaar, 2001; Kokko & Ekman, 2002), increase their inclusive fitness from helping kin 
(Hamilton, 1964; Bourke, 2014), gain prolonged access to vital resources (Ekman et al., 
2000; Kokko & Ekman, 2002), or enjoy increased defense against predators (Sherman, 
1985; Griesser et al., 2006). Low breeding success resulting from limited mates or 
breeding territories (Walters et al., 1992), harsh breeding conditions (Emlen & Wrege, 
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1991), or high dispersal costs (Wong, 2010) may also favor prolonged retention of adult 
offspring prior to dispersal, particularly if remaining in the natal territory allows adult 
offspring to occupy a safe, familiar area while waiting for conditions to improve (Ekman 
et al., 2004). Which of these factors are most critical in driving the evolution of family 
living, however, seems to vary considerably among taxa. For instance, dispersal costs and 
limited resource availability have been shown to strongly influence reduced natal 
dispersal in many cooperative vertebrates, yet there is little evidence that these same 
constraints play a major role in the dispersal decisions of cooperative insects (Herbers, 
1986; Bull & Schwarz, 1996; Brockmann, 1997; Field et al., 1998; Sumner et al., 2010; 
Rehan et al., 2011). Studies aimed at understanding the factors that incentivize young 
adults to delay dispersal from a diversity of taxa are particularly valuable as these might 
identify general mechanisms underlying the vast distribution of family-based cooperative 
systems. 
Here we explore three factors that could contribute to prolonged family cohesion in 
the horned passalid beetle, Odontotaenius disjunctus (Illiger) (Coleoptera: Passalidae): 
limited dispersal ability, opportunities for early breeding in the natal nest, and prolonged 
parental care through adulthood. Passalids live and breed in decaying logs in sub-social 
family groups consisting of both parents and offspring that remain in their natal nest even 
after reaching adulthood (Schuster & Schuster, 1985, 1997). For the vast majority of 
beetles, care is terminated at or long before offspring pupate (Hunt & Simmons, 2002; 
Ward et al., 2009). Passalid parents, however, construct pupal cells for pupating offspring 
and continue to cohabit with young adult offspring for weeks to months after they eclose 
from their pupal cells as callow, or teneral, adults (Valenzuela-González, 1993; Schuster 
& Schuster, 1997). The long period of family cohesion exhibited by the passalids is thus 
a comparatively radical case of delayed dispersal and prolonged parental care with 
respect to their taxonomic placement. The advantages of remaining in these prolonged 
family aggregations are currently unknown, though several non-mutually exclusive 
explanations may contribute to this behavior: 
 
(1) Dispersal constraints 
Behavioral observations of the horned passalus suggest limited movement ability, 
with dispersal occurring primarily via short distance terrestrial travel (estimated dispersal 
distance <15 meters, (Jackson et al., 2009)). This limited mobility coupled with a strong 
dependence on patchily distributed nest sites (decaying logs) suggests that constraints on 
dispersal could play a major role in promoting prolonged family living. We examine 
evidence of dispersal constraints by assessing fine-scale relatedness structuring using 
genotyping-by-sequencing in a natural population of horned passalids. If dispersal 
between breeding resources is particularly difficult, we would expect to see strong spatio-
genetic structuring within the sampled population.   
 
(2) Opportunities to breed in the natal nest 
For some cooperative breeders, the opportunity to breed in the natal nest before 
dispersing is a major benefit of family living, particularly for female helpers (Richardson 
et al., 2002; Biedermann, 2007). Young adult passalids might also gain direct fitness 
benefits by staying and reproducing in their natal tunnels. If young adults breed in the log 
in which they were born, we would expect close kinship between breeders residing in the 
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same log. We examined relatedness patterns among breeders within and between logs to 
test this prediction.  
 
(3) Prolonged parental care 
Finally, young adults might also benefit from feeding in the presence of close kin if 
they receive prolonged care from their parents or siblings. Wood is a nutritionally poor, 
difficult to process resource, and parents might enhance the survival or development of 
their offspring by processing and maintaining this resource for their mature offspring 
(Howard & Thorne, 2011; Nalepa & Arellano, 2016). Passalids rely on a community of 
microbial symbionts that act as an external rumen to process wood in their tunnels, 
making their nesting environment highly susceptible to pathogenic fungal growth. 
Behavioral observations of parental activity suggest that the majority of parents’ time is 
spent processing the wood and frass resource (Dillard, 2017). This behavior could 
function to enrich the resource with symbionts or nutrients, but it might also function to 
inhibit bacterial or fungal growth. First, we asked whether parents might aid in 
maintaining and preserving the nest sites for their offspring by examining their ability to 
control fungal growth in the colony. Second, to determine if parents provide 
developmental benefits to young adults that stay in the nest, we experimentally compared 
mass gain and cuticle development between young adults that stayed with their families 
to those artificially isolated from their social group.  
While prolonged parental care is becoming increasingly recognized as a major 
factor promoting family living in birds (Ekman et al., 2001; Drobniak et al., 2015), there 
has been little research into the ways in which parents might care for adult offspring in 
family-living insects. Specifically, the mechanisms promoting the retention of adult 
offspring per se in insects are very poorly understood, despite growing research on the 
various ways in which insect parents provide care for sub-adult offspring (reviewed in 
(Wong et al., 2013)). Because the most highly eusocial insect societies appear to have 
evolved from a sub-social, family-living ancestor, it is important to understand the factors 
that could incentivize prolonged family living for young adults (Boomsma, 2009; 
Howard & Thorne, 2011). Passalids provide a particularly compelling model for 
assessing the factors that promote prolonged family living because young adults in these 
systems provide temporary help before eventually dispersing to breed on their own. In 
this sense, the passalids closely resemble the cooperative vertebrates in which helpers 
often go on to breed independently after their tenure helping (Sherman et al., 1995), and 
therefore may have evolved prolonged family living for similar reasons. By investigating 
insect systems such as these, we are able to test the generality of our current explanations 
for the evolution and maintenance of family living across a diversity of taxa as well as 
better understand the evolutionary origins of complex family-based social systems. 
 
Materials and Methods 
Study species 
Passalids are primarily tropical, large-bodied beetles (14-80mm long) that inhabit 
decaying logs (Schuster & Schuster, 1997; Fig. 1). They excavate extensive tunnel 
systems (galleries) in these logs where they feed on rotting wood and frass - a 
combination of chewed wood and faeces (Schuster & Schuster, 1997). Most passalid 
species studied to date appear to be socially monogamous, and both the male and female 
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parent cooperate in caring for their young by constructing and defending tunnels, 
processing the decaying wood for larvae, and building pupal cells for offspring (Schuster 
& Schuster, 1997; Dillard, 2017). During the first few weeks following pupal emergence 
young adults, also known as tenerals at this stage, are callow, poorly sclerotized, and 
easily damaged (Fig 1), yet these individuals may remain in their family groups for 
several months after their exoskeleton develops (Schuster & Schuster, 1997; Jackson et 
al., 2009; personal observation). During this period, young adults have also been 
observed assisting in brood care by constructing pupal cells for younger siblings, though 
the fitness consequences of this behavior are unknown (Schuster & Schuster, 1985, 1997; 
Valenzuela-González, 1993). For the horned passalus, one of the few passalids that 
occupies a temperate range, both males and females delay dispersal after maturation 
(Jackson, 2010). Adults of this species generally disperse either during the fall of the year 
they hatched or overwinter with their family group and disperse in the following spring 
(Jackson et al., 2009; personal observation). 
 
Question 1: Is prolonged family cohesion caused by limited dispersal ability? 
Ninety-two horned passalus beetles encompassing 20 family groups (63 larvae, 29 
breeding-age adults) were collected from six decaying logs along the Gray’s Arch trail in 
the Red River Gorge Geological Area, part of the Daniel Boone National Forest, Wolfe 
County, Kentucky, during the summer of 2013 (Fig 2). This site was selected for two 
major reasons: 1) the logs in this site were large and each contained several families 
(average 3.3 families/log), and 2) this site was geographically small (~150m2), yet 
contained a high density of logs, allowing for assessment of between-log dispersal 
patterns at a biologically meaningful scale. A sixth log was chosen ~1km away from the 
main five-log cluster to capture relatedness structuring that might occur at a scale larger 
than that of the ~150m2 plot. 
 
DNA extraction and genotyping 
Genomic DNA was extracted from prothoracic and head tissue from euthanized 
adult and larval beetles, respectively. Care was taken to avoid rupturing the gut during 
tissue extraction to reduce contamination by gut symbionts. Prothoracic tissue was lysed 
in buffer containing a 3X concentration of CTAB (cetyl trimethylammonium bromide) 
before undergoing a standard phenol:chloroform extraction procedure. DNA from each 
sample was then screened for quality (gel electrophoresis) and quantity (Quant-iTTM DS 
DNA Assay, Carlsbad, California), and shipped to Cornell’s Institute for Genomic 
Diversity for genotyping-by-sequencing optimization and library preparation following 
the methods of Elshire et al. (2011). Each sample was first digested using the restriction 
enzyme Pst1 before “barcode” and “common” adaptors were ligated to the ends of DNA 
fragments for individual identification and PCR amplification and Illumina indexing, 
respectively (Elshire et al., 2011). Following ligation, the DNA fragments were pooled 
and amplified via PCR, and finally sequenced on an Illumina Hi-Seq 2000/2500 flowcell 
(San Diego, California) (Davey et al., 2011; Elshire et al., 2011). Like other reduced 
representation sequencing techniques, genotyping-by-sequencing allows for the discovery 
of many sequences from a large, unbiased portion of the genome that, by selecting with 
restriction enzymes, are shared among many individuals (Davey et al., 2011). The 
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resulting sequences, or reads, can then be aligned within and between individuals to 
identify single nucleotide polymorphs (SNPs) that can be used for genotyping.  
 
 
Sequence analysis 
Raw sequencing data was analyzed using the UNEAK pipeline in TASSEL 3.0, 
which is comprised of a series of programs designed for identifying SNPs without the use 
of reference genome (Bradbury et al., 2007; Lu et al., 2013). This program filters reads 
for quality and trims sequences to a length of 64 basepairs. Identical sequences are then 
grouped together to form tags. The number of sequences needed to form a tag is specified 
by the parameter “coverage,” which we set to the default value of 5 (Lu et al., 2013). The 
UNEAK program then uses pairwise alignment of tags to group together those that differ 
by a single basepair into networks. A network filter then determines whether these 
basepair mismatches represent true SNPs or sequencing errors based on both coverage 
and an error tolerance rate (here specified to 0.01, consistent with the average error rate 
of Illumina HiSeq systems, (Glenn, 2011)). The resulting “true” SNPs were then filtered 
such that only those loci for which 80% of individuals were genotyped were included, 
resulting in a final panel of 1,323 SNPs. 
 
Local Dispersal, Gene Flow, and Population Structure  
Gene flow between logs was quantified by estimating pairwise FST values in the 
program SPAGeDi (Hardy & Vekemans, 2002). These analyses were performed 
separately for larvae (n = 63) and adults (n = 29), as well as male (n = 12) and female (n 
= 17) adults, to assess population structuring for these different classes of individuals. We 
quantified pairwise FST between adults and larvae separately, and between each sex 
separately for adult beetles, as sex biases in dispersal are common in cooperative breeders 
(Koenig & Haydock, 2004). Isolation by distance (IBD) was calculated by regressing FST 
values against corresponding natural logarithms of linear distances (meters), and negative 
FST values were set to zero. To assess the significance of FST estimates and IBD 
regression metrics, we used a 1000 permutation Mantel test with a sequential Bonferroni 
correction for the FST values (Rice, 1989).  
 
Simulations of Population Structuring 
While simulations have suggested that large SNP datasets require lower sample size 
thresholds than microsatellite-based approaches for estimating genetic differentiation 
measures such as FST (Willing et al. 2012), we nevertheless sought to test for power 
given the low number of adult beetles recovered from each log. We utilized the program 
SPOTG (Laval & Excoffier, 2004; Excoffier & Lischer, 2010; Hoban et al., 2013) to 
estimate anticipated FST values given a broad array of hypothesized migration rates. We 
ran the Connectivity Module using six populations in accordance with our six sampling 
logs, with an average of ten individuals in each population. Although our field sampling 
likely recovered all individuals from each log, we chose to conservatively estimate that 
only half the individuals present in each log had been sampled. We selected hypothesized 
migration rates of 0.1, 0.01, and 0.001 migrants per individual and ran 500 permutations 
for each of these three scenarios.  
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Question 2: Do young adults breed in the log in which they were born? 
Pairwise relatedness values between all beetles in the 92-beetle sequencing sample 
were calculated using the Queller & Goodnight (1989) method in SPAGeDi with the 
1,323 SNP panel (Hardy & Vekemans, 2002). To determine whether individuals stay in 
their natal log to breed, relatedness coefficients between individuals in the same log 
(within-log) were compared to those of individuals in different logs (between-log). As 
with the population structure analysis above, we first compared within-log and between-
log relatedness patterns using just larvae to understand how clusters of family groups 
create kinship structuring. We then repeated this analysis using only the adults to 
determine if breeding age adults demonstrated similar kinship patterns, thus testing 
whether adults do in fact breed in the same logs as their parents and siblings. High 
within-log relatedness for the breeding adult population would indicate that young adults 
do not disperse from their logs, but rather inherit their nest or disperse by budding from 
their natal galleries. As with our analysis of population structure, these analyses were also 
performed separately on adult males and adult females to assess sex differences in 
breeding behavior. 
 
Analysis 
Standard Wilcoxon Rank Sum tests are inappropriate for pairwise comparisons of 
relatedness due to the non-independence of data points that arises from each individual 
having multiple pairwise relatedness values in the data set (Wolf & Trillmich, 2008). We 
controlled for this non-independence by following the methods of Wolf & Trillmich 
(2008), which involve creating a null distribution of W test statistics from random 
permutations of the original data set. Ten thousand permuted data sets were created by 
assigning random categories (i.e., within or between) to each relatedness coefficient from 
the original data set, while maintaining the original proportion of categories. A standard 
Wilcoxon Rank Sum test was then performed for each of these simulated data sets to 
generate the null distribution of W test statistics. The W test statistic generated from the 
original empirical data set was then compared to this distribution, with the proportion of 
test statistics in the null distribution lying outside of the empirical test statistic interpreted 
as the p-value (Wolf & Trillmich, 2008). Simulation and analyses performed in R version 
3.3.2 (R Core Team, 2016). 
 
Question 3: Does prolonged parental care or nepotism enhance young adult 
development? 
(a) Fungal inhibition 
Pilot trials indicated that deceased beetles kept in solitary treatments tend to grow 
white mold soon after death, whereas this growth was never observed in colonies with 
active living beetles (personal observation). Because fungal growth on deceased beetles is 
predictable and fast, we used this phenomenon to assay adult beetles’ ability to inhibit 
fungi in their nests. We placed bits of wood and frass and a single deceased beetle in 36 
large plastic Petri dishes (6”L,1”H, Pioneer Plastics, Dixon, KY) and added living beetles 
to half of these (n=18). We monitored growth of the white mold on deceased beetles and 
the surrounding substrate in both treatments (with and without living beetle) to determine 
whether beetles appear to actively inhibit fungal growth. These beetles were collected 
solely for use in this this experiment and were not included in either sequencing or other 
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additional experiments. Dishes were stored at room temperature in the lab, stacked 
randomly with respect to treatment, and covered with a light-blocking curtain to avoid 
disturbing active beetle behavior. Dishes were examined daily for 27 consecutive days 
for fungal growth and modifications to the deceased beetles (e.g., buried, moved, 
consumed or degraded). Final proportions of replicates in each treatment that exhibited 
fungal growth were compared using a Pearson’s chi-squared test in JMP Pro 12 (SAS 
Institute Inc. 2017). 
 
(b) Parents’ influence on development of young adults 
To determine the effects of family living on post-eclosion development, adult 
offspring from seven colonies were randomly selected to either remain with their family 
group (family treatment; 7 colonies, 24 young adults) or were removed and housed 
individually (solitary treatment, n=19 offspring). As with the fungal experiment, these 
colonies were collected for the sole purpose of this experiment and were not included in 
sequencing or any other experiment. Beetle colonies containing teneral adults were 
collected during Fall 2013 and placed in experimental treatments immediately. Locking 
plastic containers were used to house families (14” x 11” x 3.25”h) and individuals (11” x 
6.625” x 2.75”h) in the lab. Both treatments were kept with decaying wood and frass 
gathered from the original collection site and covered with light-blocking curtains to 
simulate the darkness of the log habitat. Each family treatment contained five individuals, 
including both parents and young adults, because pilot data suggested this to be the 
optimal number of beetles that can be housed together in the given container dimensions. 
Five “family groups” contained two parents and three juvenile adults, while two families 
contained only a single parent and four juvenile adults. Tarsi were clipped in unique 
patterns from all juvenile beetles so that each could be individually recognized 
throughout the experiment. Every individual was weighed at the beginning of the 
experiment, and weighed weekly thereafter for eight weeks (three families) or six weeks 
(four families), depending on the initial date of family collection. 
Melanization (darkening) and sclerotization (hardening) of the exoskeleton 
typically occur simultaneously (Andersen, 2010); therefore, color change was measured 
to assess overall exoskeleton development. Color change of the mesosternum was used to 
measure melanization over time because this is the last body section to melanize in 
passalid beetles (personal observation). Reflectance spectra were obtained between 
500nm and 800nm, a range determined by preliminary measurements of melanized and 
unmelanized beetles, with a USB200 spectrometer (Ocean Optics, Inc., Dunedin, FL) 
standardized to a white standard (WS-1, ~98% transmission, Ocean Optics) and a black 
standard (a fully melanized beetle mesosternum). We used mature beetles as the black 
standard, or zero, so that lower reflectance values could be interpreted as closer to the 
melanization level of mature adults. Measurements were conducted in a dim room with 
the probe/light source held directly to the mesosternum of each beetle at the start of the 
experiment and again every other week for a total of four time points. Though it would 
have been ideal to begin this experiment with beetles that had just emerged from their 
pupal cells, horned passalids are not readily reared in captivity and colonies are 
somewhat asynchronous in the field. Young adults of the different colonies therefore 
varied slightly in age. All young adults, however, were easily identified as tenerals and 
likely only differed in age by 2-3 weeks. 
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Analysis 
To determine if the presence of family members influenced mass gain or 
exoskeleton development, multiple linear mixed models were fit with “mass” or 
“sclerotization” as the dependent variable in JMP Pro 12 (SAS Institute Inc. 2017). In 
both models, fixed effects included “week” (week since experiment began), “treatment” 
(family or solitary), and the interaction term “treatment*week.” A significant effect of 
this last interaction term would indicate that treatment influenced mass gain or cuticular 
development over time. Because measures were repeated for individuals, and multiple 
individuals originated from the same colony, the nested random effects terms “colony” 
and “individual” were also included.  
 
Results 
How well can individuals disperse from their natal log? 
When only larval offspring were considered, significant relatedness structuring by 
log was observed, and nearly all FST values between logs were significantly different 
from zero after a sequential Bonferroni correction (Table 1a). Given that offspring are 
structured within families within logs, this was expected. No such structuring, however, 
was observed when this analysis was restricted to just the breeding adults, and no 
significant FST values were found for any pairwise log comparisons after Bonferroni 
correction (Table 1b). When further restricted by sex, still no structuring was apparent for 
either sex (Table1c,d). Despite the restriction of low sample sizes for all adults and when 
each sex was examined separately, pairwise FST values remained indistinguishable from 
zero even when more populated logs were compared and our SPOTG simulation results 
(Table 2) suggested adequate power for detecting population structuring at low migration 
rates. Isolation by distance patterns were non-significant for natural log of distance for all 
categories of individuals analyzed (all adults: p= 0.13, larvae: p= 0.96, females: p= 0.11, 
males: p= 0.68, Fig 3). 
 
Do relatedness patterns suggest that young adults breed in their natal log? 
When only larvae were assessed, relatedness was significantly higher within logs 
than between logs (permuted Wilcoxon test: p < 0.0001, within-log r = 0.04 ± SD 0.14; 
between-log r = -0.03 ± SD 0.05; Fig 4). When only breeding adult beetles were 
considered, however, there was no evidence that individuals within logs were more 
closely related to each other than they were to other adult beetles outside of their log 
(permuted Wilcoxon test: p = 0.12; average within-log r = -0.02 ± SD 0.05; between-log r 
= -0.03 ± SD 0.06). If breeders within logs were first order relatives, which would occur 
if individuals remain to breed in their natal log, high positive relatedness values similar to 
the within-family relatedness values would have been expected between individuals in 
the same log. While average within-family relatedness was relatively low at 0.21 ± SD 
0.19, this should be expected for two reasons. First, extra-pair paternity is high in this 
species with 54.8% of offspring sired by extra-pair males and 70% of nests containing 
extra-pair young, reducing within-family relatedness by lowering relatedness between 
social fathers and their offspring and relatedness between siblings (Dillard, 2017). 
Second, relatedness as it is reported here is a statistical measure that is dependent on the 
average population relatedness; in other words, if all individuals in the population share 
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many alleles with one another, relatedness even between close relatives might be lower 
than expected (e.g., <0.5 for full sibs or parents-offspring) (Queller & Goodnight, 1989). 
Despite this generally low relatedness, only two pairs of adults in the population were 
observed with relatedness coefficients suggestive of first order relative status (r = 0.41 
and 0.36), and neither of these pairs were found in the same log.  Similarly, neither adult 
males nor adult females when analyzed separately exhibited higher within than between 
log relatedness (permuted Wilcoxon test: Males, p = 0.37, average within-log r = -0.03 ± 
SD 0.05, average between-log r = -0.03 ± SD 0.07; Females p = 0.44, average within-log 
r = -0.02 ± SD 0.05, between-log r = -0.02 ± SD 0.05), suggesting that neither sex 
remained in their natal log to breed.  
 
Do parents provide prolonged care for adult offspring? 
(a) Do beetles behaviorally inhibit fungal growth on the frass resource? 
Visual inspection of petri dishes containing deceased beetles revealed strikingly 
different results depending on whether or not a living beetle was present (Fig 5). First, we 
noted that the deceased beetles had been buried in frass in every replicate containing a 
living, active beetle within 72hrs of beginning the experiment. No dishes that contained a 
living beetle experienced fungal growth until the very last observation day, when only a 
single replicate was found with fungus (1/18 dishes, or 5.6% of replicates). In contrast, 
fungal growth was first observed on two replicates without living beetles on the second 
day of the experiment. Replicates without living beetles also showed increasing fungal 
growth over the remaining days until 72% of these replicates contained some fungal 
growth (13/18 dishes). This final proportion of replicates that experienced fungal growth 
was significantly lower in those that contained living beetles than those that did not 
(Pearson chi-square test: χ2 = 16.83, df = 1, p < 0.001). 
 
(b) Do young adults experience post-maturation developmental benefits from living with 
their families? 
Young adults that remained with their family groups did not gain more mass or 
melanize faster than those artificially removed from their families (Fig 6; for model 
summaries see Table 3). For both dependent variables, however, there was a significant 
effect of day, with individuals from both treatments gaining mass and becoming darker 
over time, save for a small uptick in reflectance in week 8 that was likely due to error in 
repeatability between sampling days rather than a significant biological occurrence. 
Individuals in family treatments experienced on average a 5.9% ± SE 0.01 increase in 
mass from the first to last time point, while those in solitary treatments underwent a 6.8% 
± SE 0.01 mass increase. 
 
Discussion 
Dispersal and Relatedness Structuring 
In this study, we assessed several factors hypothesized to influence delayed 
dispersal and family living in the horned passalus. Due to observations indicating short 
terrestrial movement in this species (Jackson et al., 2009), we first asked whether limited 
mobility between breeding resources could constrain young adult dispersal and 
independent breeding in this species. Larval offspring that had not yet undergone 
dispersal exhibited more defined population structuring patterns than did breeding-age 
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adults, suggesting dispersal-driven homogenization of genetic diversity across logs. We 
also found no evidence that genetic dissimilarity significantly increased with distance 
between breeding adults at this scale, suggesting that beetle movement is not as limited as 
previous behavioral studies have indicated (<15m (Jackson et al., 2009)). Together these 
findings indicate that natal dispersal might not be strongly limited in this species and that 
young adult beetles are capable of, and regularly undertake, cryptic long-distance 
dispersal from their natal breeding sites.  
While these results do not dismiss the potential for other factors to hinder dispersal, 
such as risk of predation or low availability of nesting resources, they do demonstrate that 
mobility between nesting resources per se is not a limiting factor on horned passalid 
dispersal. This finding is consistent with evidence from other cooperative insect species 
that have revealed no support for availability and distribution of nesting resources 
limiting dispersal by helpers. Studies experimentally increasing the availability of nest 
sites have produced no effect on totipotent worker dispersal in either the facultatively 
eusocial hover wasp, Liostenogaster flavolineata (Field et al., 1998), or the cooperatively 
breeding allodopine bee, Exoneura bicolor (Bull & Schwarz, 1996). Log abundance, 
however, was not explicitly measured in our study, so we are unable to determine with 
certainty whether resource distribution could play a major role in passalid dispersal. 
Additional studies examining whether distribution and abundance of decaying logs 
influence population structuring in passalids will be useful in determining whether or not 
availability of nest sites is a limiting factor on insect dispersal.  
Furthermore, out of the roughly 600 species in the family Passalidae, nearly all of 
which exhibit delayed dispersal and prolonged parental care, the horned passalid is the 
only species found throughout temperate North America, and one of the only temperate 
passalid species worldwide (Schuster, 2008). How or why this species colonized the 
cooler regions of the earth is a mystery, but this distribution potentially suggests a 
singular dispersal capability that might not be present in other passalids. Because family 
living appears to be an ancient trait in this group, reduced dispersal could still in fact be a 
hallmark of the vast majority of passalids and a possible driver of the initial evolution of 
delayed dispersal, with the horned passalid simply being a particularly derived case with 
exceptional dispersal abilities. Similar studies on other related species restricted to the 
tropics might be useful in piecing together a better understanding of the general factors 
driving family living in this fascinating group. 
 
Dispersal prior to breeding  
For some cooperative breeders, the opportunity to breed in the natal nest before 
dispersing is a major benefit of family living, particularly for female helpers. For 
instance, in the cooperative ambrosia beetle, Xyloborinus saxesenii, one quarter of female 
helpers have been shown to lay eggs in their natal nest (Biedermann, 2007). Female 
helpers in the cooperatively breeding Seychelles Warbler also contribute sufficient 
numbers of eggs to their parents’ nest that the direct benefits of reproducing in the natal 
group actually exceed the indirect benefits of helping kin (Richardson et al., 2002). Our 
analysis of kinship between breeding passalids sharing logs, however, did not suggest 
that young adults breed in their natal nest. If young adults stayed and reproduced in their 
natal log, we would expect kinship between neighboring breeders in the same log to be 
high, perhaps suggestive of parent-offspring or sibling relatedness. Relatedness between 
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breeders sharing the same log was no different from relatedness between breeders in 
different logs, and no pair of adult individuals sharing the same log were closely related 
enough to suggest first order kinship. This suggests that unrelated beetles colonize logs 
independently rather than through “budding” dispersal events. This also implies that they 
do not seem to exclude unrelated individuals from log resources as some other social 
insects do. Foundresses of the social sweat bee, Lasioglossum zephyrum, for instance, 
exclude individuals from nest sites based on perceived relatedness (Green, 1979). 
Passalids, however, excavate distinct nests within the larger log resource, with tunnels 
beginning to connect presumably only after extensive tunneling through the season 
(personal observation). This more “colonial” nesting pattern likely reduces both the need 
and ability of inhabitants to exclude unrelated individuals.  
 The finding that adults of breeding age within logs are not closely related is 
particularly intriguing because it also suggests that young adults do not stay with their 
family group long after reaching sexual maturity. While delayed dispersal is generally 
defined as occurring when offspring remain with their families after reaching 
reproductive maturity, we agree with Ekman et al. (2004) that this strict definition 
precludes the study of interesting variation among dispersal strategies.  A general 
understanding of the evolution and maintenance of delayed dispersal is contingent upon a 
broad understanding of the continuous variation in dispersal behavior in family living 
species. The horned passalid provides a unique model in which to study the factors that 
have shaped prolonged family living without substantial reproductive suppression of 
young adults. Further investigations of family-living species that exhibit more 
intermediate forms of delayed dispersal such as these are likely to provide useful insight 
into the evolution of family-based cooperative societies.  
 
Prolonged parental care of adult offspring and the benefits of staying in the natal nest 
In this study we also assessed whether passalid parents provide extended care to 
offspring that remain as adults in the natal nest. Our studies show that breeding-aged 
adult passalid beetles are very well equipped to inhibit fungal growth in their colony by 
manipulating frass and conspecific corpses. This is well in line with findings from other 
sub-social insects for which antifungal behavior is a major benefit of parental care and an 
important component of social living (Rozen et al., 2008; López-Riquelme & Fanjul-
Moles, 2013; Sun & Zhou, 2013; Boos et al., 2014). Earwig mothers, for instance, 
fastidiously groom their eggs, providing both mechanical and chemical inhibition of 
microbial growth (Boos et al., 2014). Removal and burial of corpses, also called 
necrophoric or undertaking behavior, has also been well observed in the eusocial insects, 
with many detailed descriptions of undertaking in the social hymenopterans and termites 
(López-Riquelme & Fanjul-Moles, 2013; Sun & Zhou, 2013).  
While this ability to moderate the microbial composition of the nest almost 
certainly aids in maintaining the integrity of the colony and resource, it seems unlikely 
that this could be a major driver of delayed dispersal in young adult passalids based on 
our results. First, though explicit data was not collected on this observation, young adults 
that were experimentally removed from their family groups did not seem to suffer from 
fungal growth, suggesting that all adult beetles are capable of fungal inhibition. 
Furthermore, young adults reared with their families neither gained more mass nor 
sclerotized faster than those that were experimentally moved to solitary enclosures, 
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suggesting that neither fungal inhibition nor other more subtle parental behaviors 
facilitate post-eclosion development. Similarly, delayed dispersal has not been shown to 
positively influence post-maturation weight gain for helpers of the ambrosia beetle, 
Xyleborus affinis, either (Biedermann et al., 2011). Interestingly, direct reproduction in 
the natal nest has also not been observed in X. affinis; rather, delayed dispersal seems to 
be driven primarily by the inclusive fitness benefits of caring for younger siblings in this 
species (Biedermann et al., 2011). Observations of individual behavior and family life is 
difficult in passalids due to their large size, specific resource requirements, and long 
lifespans, and the extent to which young adults enhance their inclusive fitness through 
helping is currently unknown. Further investigations will be needed to confirm whether 
young adults gain kin selected benefits from helping their parents and siblings and if 
these indirect benefits seem sufficient to favor delayed dispersal in this group.  
It is worth noting that these results do not rule out the possibility of other 
unmeasured direct benefits of remaining in the natal nest. First, our study measured only 
weight gain and cuticle development as proxies of fitness, whereas more long-term 
fitness components, such as survival or fecundity, could also be enhanced from staying in 
the natal nest. For instance, parents might provide benefits that are only observed in 
certain contexts. Here, the benefits of family living were measured in a laboratory setting, 
whereas parents in nature might provide protection from predators, aid in 
thermoregulation, or offer other currently unknown services. In addition, young adults 
might benefit from prolonged access to the resources of the natal nest, such as beneficial 
gut symbionts and frass (the mixture of pre-digested wood and feces upon which both 
adults and larvae feed), rather than prolonged contact with their family members per se 
(Howard & Thorne, 2011; Nalepa & Arellano, 2016). In our experiment investigating the 
effects of family living on young adult development, both solitary and family treatments 
contained frass, potentially precluding our ability to evaluate the benefits of extended 
access to this valuable resource. Much more detailed natural history work will be needed 
to fully understand the potential for more elusive benefits of parental care in this system. 
Alternatively, it is possible that young adults do not gain any additional benefits 
from remaining in the nest other than simply using it as a safe place in which to fully 
sclerotize and develop post-eclosion. This explanation seems at first appealing, 
particularly given that we have not yet demonstrated an adaptive function of prolonged 
family cohesion beyond eclosion in this system. Furthermore, the time it takes for teneral 
passalids to fully melanize and sclerotize is singularly long compared to the development 
time of other beetles, suggesting a need for a prolonged post-eclosion, pre-dispersal phase 
(Hinckley, 1973; Herzig, 1995; Lövei & Sunderland, 1996; Schuster & Schuster 1997; 
Lapointe et al. 2004). For comparison, the coconut rhinoceros beetle, Oryctes rhinoceros, 
a wood-feeding scarab significantly larger than the subject of our study, spends 3 weeks 
in the pupal case as a teneral adult post-eclosion and another 3 weeks to sclerotize and 
leave its nest following eclosion (Hinckley, 1973). Horned passalids, however, emerge 
from their pupal cell with the help of their parents 2-3 days after eclosing as extremely 
callow tenerals and remain incompletely sclerotized for months in their natal nest 
(Schuster & Schuster 1997; Jackson 2010).  
It is unclear, however, whether the long period of sclerotization preceded delayed 
dispersal in the passalids or whether it evolved as a consequence of prolonged group 
living. Just as offspring altriciality, or helplessness, often co-evolves with parental care 
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(Kölliker et al., 2012), it is possible that this long development period could have evolved 
in response to prolonged association with and protection by parents and the family group. 
Because we show that young adults do not appear to gain weight throughout the middle 
and later phases of the sclerotization process, it seems unlikely that delayed development 
serves to extend the maturation feeding phase, which might be expected if this trait 
evolved independently of prolonged family living. Furthermore, observations by Jackson 
(2010) indicate that 28% of dispersing beetles disperse before they become fully 
sclerotized, suggesting that complete sclerotization is not necessary for emigration from 
the natal log and thus probably not a major factor contributing to delayed dispersal. 
Although we do not wish to speculate too much on this issue, we offer one possible 
tantalizing, yet untested, hypothesis for delayed development in the passalids. Social 
insects often use cuticular hydrocarbons (CHCs), long-chain hydrocarbon lipid molecules 
present on the cuticle surface, to gain information about kinship between individuals 
(Dronnet et al., 2006), colony origin (Wagner et al., 2000; Lorenzi et al., 2004;), task 
specialization (Green, 2003), and reproductive status (Monnin et al., 1998; Smith & 
Liebig, 2017). It has been shown in root weevils that these molecules are not present on 
teneral exoskeletons (Lapointe et al., 2004). Just as young male helpers in avian systems 
often forego signaling breeding status via plumage and bill color to maintain social 
harmony in their family groups (Karubian, 2008), perhaps passalids also remain in this 
teneral state to avoid aggression from their colony mates. An examination of the cuticular 
compounds present on mature adults and tenerals, as well as behavioral experiments 
investigating individual’s responses to adults in different stages of sclerotization could 
test this hypothesis. 
 
Conclusions 
In this study, we examined several potential factors believed to promote delayed 
dispersal in the horned passalus, including limited dispersal ability, opportunities for 
early breeding in the natal nest, and prolonged parental care through adulthood. 
Interestingly, we were unable to find any of these factors sufficient to explain prolonged 
family living in this group. Instead, we ruled out some of the most obvious and general 
explanations for delayed dispersal, such as limited mobility, direct reproduction, and a 
few putative mechanisms for prolonged parental care. Nonetheless, these results are 
valuable for having revealed significant insight into the behavioral and ecological 
nuances of family living in a species with ostensibly primitive cooperative and social 
traits. Although these results suggest that young adult horned passalids might not remain 
in family groups past sexual maturity, species such as this can still provide valuable 
insight into the evolution of both cooperative breeding and delayed dispersal. Passalids 
offer an interesting family-living example on the continuum between pair and 
cooperative breeding. Species that engage in prolonged family living yet do not exhibit 
reproductive suppression or extensive cooperative care offer the key to understanding the 
factors that might facilitate the evolution and maintenance of the basic family structure 
from which more complex societies are formed. Our inability to find support for some of 
the most general explanations for prolonged family living in a system such as this 
suggests that there is still much to learn and understand about the processes that give rise 
to family based cooperative societies. These results also raise the possibility that the 
factors promoting delayed dispersal beyond reproductive maturity might actually differ in 
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important ways from those that favor prolonged family cohesion. Further investigations 
of behaviorally intermediate species such as the horned passalid for which delayed 
dispersal and reproductive suppression are decoupled should provide substantial insight 
into the evolutionary processes that shape family based societies. 
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Tables & Figures 
Table 4 Pairwise FST values for (a) all larvae, (b) all adults, (c) adult females, and (d) 
adult males. FST values are depicted below the diagonal line with significance of p-
values reported above the diagonal. Number of beetles or larvae in log indicated in 
parentheses following log number (see figure 2 for log locations). 
(a) Larvae           
  Log 1 (31) Log 2 (3) Log 3 (11) Log 4 (4) Log 5 (3) Log 6 (11) 
Log 1 (31)   * * * * * 
Log 2 (3) 0.079   * * NS * 
Log 3 (11) 0.055 0.127   * * * 
Log 4 (4) 0.065 0.149 0.096   * * 
Log 5 (3) 0.058 0.145 0.089 0.136   * 
Log 6 (11) 0.034 0.103 0.065 0.083 0.078   
(b) Adults           
  Log 1 (12) Log 2 (3) Log 3 (4) Log 4 (2) Log 5 (2) Log 6 (6) 
Log 1 (12)   NS NS NS NS NS 
Log 2 (3) -0.001   NS NS NS NS 
Log 3 (4) 0.004 -0.000   NS NS NS 
Log 4 (2) -0.003 -0.019 -0.019   NS NS 
Log 5 (2) 0.021 -0.001 0.014 0.027   NS 
Log 6 (6) 0.002 -0.003 0.005 0.01 0.021   
(c) Adult Females      
  Log 1 (7) Log 2 (2) Log 3 (2) Log 4 (1) Log 5 (1) Log 6 (4) 
Log 1 (7)   NS NS NS NS NS 
Log 2 (2) -0.002   NS NS NS NS 
Log 3 (2) 0.023 -0.001   NS NS NS 
Log 4 (1) -0.012 -0.049 -0.093   NA NS 
Log 5 (1) 0.031 -0.031 0.005 NA   NS 
Log 6 (4) 0.004 -0.01 0.024 -0.012 0.021   
(d) Adult Males 
  Log 1 (5) Log 2 (1) Log 3 (2) Log 4 (1) Log 5 (1) Log 6 (2) 
Log 1 (5)   NS NS NS NS NS 
Log 2 (1) 0.034   NS NA NA NS 
Log 3 (2) 0.007 -0.014   NS NS NS 
Log 4 (1) -0.022 NA -0.067   NA NS 
Log 5 (1) -0.003 NA -0.031 NA   NS 
Log 6 (2) -0.025 0.084 -0.026 0.022 0.045   
*P<0.05; NS, not significant; NA, not enough beetles for comparison. 
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Table 5 Results from SPOTG power analyses and gene flow simulations including 
power, and mean average and standard deviation Fst. 
Migration Rate 0.1 0.01 0.001 
Statistical Power 1 1 1 
Estimate of Overall FST 0.019 0.28 0.802 
Overall FST SD 0.141 0.022 0.006 
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Table 6 Multiple linear mixed model showing results of fixed terms associated with 
the dependent variables mass (R2 = 0.96) and cuticle reflectance (measure of 
exoskeleton melanization, R2 = 0.43). 
Mass        
Model term Num. 
df 
Den. df F Ratio P Estimate Standard 
error 
Intercept  41.28  <0.001* 1.46 0.02 
Day 1 235.5 118.12 <0.001* 0.01 0.00 
Treatment 1 40.06 0.05 0.82 -0.01 0.02 
Treatment*Day 1 235.5 0.02 0.89 0.00 0.00 
Cuticle Reflectance      
Model term Num. 
df 
Den. df F Ratio P Estimate Standard 
error 
Intercept  96.93  <0.001* 4.73 0.97 
Day 1 124 14.67 <0.001* -1.6 0.42 
Treatment 1 40.46 0.01 0.01 0.07 0.76 
Treatment*Day 1 124 0.11 0.10 -0.14 0.42 
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Figure 7 Young adult passalids emerge before their exoskeletons fully melanize and 
sclerotize. (a) A freshly molted young adult like this one will remain in its pupal case 
for several days before emerging (pupal cell has been pulled in half to reveal beetle 
and interior of cell). (b) Two young adult beetles and their parent in tunnel. These 
young adults probably emerged ~4-8 weeks before this photo was taken based on 
the dark red coloration of their exoskeleton. 
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Figure 8 Map of sampled area. Sampled logs identified as black squares. Upper 
right-hand map of Kentucky displays the site location, while lower right-hand inset 
provides a higher resolution map of the 5-log cluster. 
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Figure 9 FST values plotted against natural log distances between logs (isolation by 
distance) for (a) adults, (b) larvae, (c) females, and (d) males. Linear regression lines 
and p-values for these slopes are depicted on each panel. All negative FST values 
have been converted to 0s in this figure. 
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Figure 10 Pairwise relatedness values between individuals residing in the same log 
(within) and between individuals in different logs (between) for the different 
categories of individuals. Averages and standard deviations shown. Line drawing of 
larval and adult beetle shown in negative space (drawing by first author). 
 
 
 
 
 
 
 
 
 
58 
 
Figure 11 Fungal inhibition, represented as the percentage of replicates not 
experiencing fungal growth, over time in dishes with and without living adult 
beetles. 
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Figure 12 The influence of social environment on post-eclosion (a) mass gain and 
(b) cuticular development. Points represent means and standard error for each 
treatment on each day. 
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Abstract 
Family based societies occur in a variety of animal taxa, yet the selective factors 
that favor the evolution of family living are poorly understood. Here, I tested the 
hypothesis that poor quality food resources should favor increased parental investment 
and family cohesion. I investigated parental behavior and family structure in four species 
of log-dwelling passalid beetles to determine whether those inhabiting nutritionally 
higher quality log resources (sapwood) exhibited higher levels of parental care and 
greater family cohesion than those inhabiting poorer quality log resources (heartwood). 
Contrary to predictions, species inhabiting the lower quality heartwood did not invest 
more time in parental activities, spend more time in contact with larvae, nor did they 
experience more begging calls from larvae than did species inhabiting the higher-quality 
sapwood. Heartwood species also did not form larger family groups, nor were they more 
socially monogamous than sapwood species. Furthermore, though direct cooperation in 
brood care by adult offspring was not observed for any species, no aggression between 
parents and adult offspring occurred even when adult offspring overlapped with their 
parents’ second brood. Family living and parental behavior thus appear generally stable 
and conserved across species, despite habitat differences. These findings suggest that 
ecological selective factors might not always yield predicted effects on behavioral traits. 
In the case of passalids, alternative adaptations to poor-quality resources as well as 
phylogenetically conserved parental care might explain the lack of observed response of 
parental care to breeding resources. 
 
Introduction 
Many animals live in kin-based social groups called families. These groups consist 
of parents and offspring that continue to remain together even after juveniles are capable 
of sustaining themselves independently (Emlen, 1995). This social structure has arisen 
many times independently throughout the animal kingdom, with examples found in 
insects (Choe & Crespi, 1997), fish (Bergmüller et al., 2005; Taborsky & Wong, 2017), 
reptiles (Davis et al., 2011; Duckett et al., 2012; Whiting & While, 2017), birds (Ekman, 
2006; Covas & Griesser, 2007), as well as both human (Hrdy, 2011) and non-human 
mammals (Solomon & French, 1997). Family living has also been recognized as a 
necessary prerequisite to the formation of more advanced cooperative societies, including 
cooperative breeding and eusociality (Emlen, 1994; Peer & Taborsky, 2006; Drobniak et 
al., 2015). In these complex societies, adult offspring remain with the family and assist 
their parents in brood care either permanently (eusocial) or temporarily before leaving to 
breed independently (cooperative breeding) (Sherman et al., 1995). Because family living 
sets the stage for advanced cooperative societies, much attention has been given to the 
factors that could drive delayed dispersal in cooperative species (Koenig et al., 1992; 
Kokko & Ekman, 2002;, Ekman et al,. 2004; Griesser et al., 2017).  
Despite the ubiquity of family living across the animal kingdom and its pivotal role 
in the evolution cooperation, relatively few studies have investigated the ecological 
selective factors responsible for shaping this trait in species that delay dispersal without 
cooperation (but see Ekman & Griesser, 2002; Tarwater & Brawn, 2010; Gamero et al,. 
2013), with even fewer studies focusing on non-avian species (but see Halliwell et al., 
2017). Cooperation adds an additional layer of complexity to these systems and may in 
fact contribute to the feedback selection for delayed dispersal, obscuring our 
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understanding of the initial causes of family living in non-cooperative ancestors. A prime 
example of this sort of complication can be seen in delayed dispersal via habitat 
saturation, which occurs when all suitable territories are occupied and juveniles stay at 
home rather than competing for nesting space (Koenig & Pitelka, 1981). The evolution of 
cooperative nest defense reinforces the difficulty of competing for and obtaining nest 
sites, thus magnifying the importance of this factor in the dispersal decisions of 
contemporary cooperative breeders (Dickinson & Hatchwell, 2004). Investigations of 
family living species that do not cooperate, however, could better our understanding of 
the factors that led to delayed dispersal prior to the evolution of cooperation, and may 
even reveal novel selective pressures not yet observed in cooperative species (Kramer & 
Meunier, 2019). Because many of the conditions recognized to favor delayed dispersal 
are also those that make helping beneficial (e.g., limited food availability, high predation, 
or need for territory defense; Koenig et al., 1992; Emlen, 1994), we may expect species 
that live in family groups without cooperating to be subject to selective pressures as yet 
unidentified in cooperative species.  
Of the few studies that have specifically examined the causes of family living in 
non-cooperative species, the evidence for roles of different ecological selective factors is 
mixed. Under conditions of experimentally increased population density, juveniles of the 
family living skink, Liopholis witii, preferred to remain with the family and experienced 
greater survival by doing so (Halliwell et al., 2017). In contrast, no correlation was found 
between environmental variation and independent breeding success in a long-term study 
of family living saddle-back Tamarins, suggesting that between year environmental 
conditions did not influence dispersal (Goldizen & Terborgh, 1989). Prolonged offspring 
retention in non-cooperative, family living Siberian jays (Perisoreus infaustus) seems to 
be driven both by the high risks of predation during dispersal (Griesser et al., 2006) as 
well as the benefits of increased resource access on the natal territory (Ekman, 1994). 
Similarly, juvenile buff-breasted wrens (Thryothorus leucotis) that delay dispersal for 
longer periods of time are more likely to acquire territories than juveniles that disperse 
earlier (Gill & Stutchbury, 2010). While these examples underscore the benefits offspring 
gain from delaying dispersal, without quantifying differences in ecology and their effects 
on family living they do not elucidate the selective environments shaping these traits. 
The goal of this study was to gain insight into how ecological factors shape species 
level differences in family living. Specifically, I investigated how nesting resources affect 
parent-offspring behavior and family structure in several sympatric family living passalid 
beetle species (Coleoptera: Passalidae) in the lowland Panamanian tropics. Nearly all 
passalid beetles feed on decaying logs, exhibit social monogamy, and provide extensive 
biparental care to offspring (Schuster & Schuster, 1997). Young adults, or tenerals, are 
retained in the natal nest for several weeks to several months after pupation, during which 
time they continue to feed on the log resource and may help care for younger larval 
siblings, though cooperative brood care has not yet been observed in natural conditions 
(Schuster & Schuster, 1985, 1997; Valenzuela-González, 1993). 
Although nearly all passalid species live and feed in decaying logs, different species 
appear to prefer different regions of the log, with some generally inhabiting the region 
just under the bark of a log (sapwood) and others preferring the hard center of the log 
(heartwood) (pers. comm. Alan Gillogly). Sapwood and heartwood differ both 
nutritionally and structurally, perhaps producing different adaptations to family living 
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between species living and feeding in these resources. First, heartwood contains less 
nutrients than sapwood, and is particularly deficient in nitrogen (Meerts, 2002). Low 
quality resources generally need to be consumed at a high rate in order to extract the 
necessary nutrients, which can select for increased parental care in the form of 
provisioning or resource processing (Beehler, 1985; Strahl & Schmitz, 1990; Nalepa & 
Bell, 1997; Nalepa & Arellano, 2016). Heartwood also differs from sapwood structurally, 
being generally harder and more resistant to decay than sapwood which tends to slough 
off after a few years (Taylor et al., 2002). Long lasting resources can sustain larger 
groups for longer periods of time, potentially favoring greater elaboration of social traits, 
including the possibility of overlapping broods or generations (Shellman-Reeve, 1997; 
Korb & Schmidinger, 2004).  
To test whether differences in breeding resources lead to differences in family 
structure or behavior, I examined the breeding biology of four sympatric species of 
passalid beetles in relation to the log region they occupied. Because family living may be 
more beneficial in heartwood due the resource’s longevity and poor nutritional quality, I 
predicted that heartwood-dwelling species would surpass sapwood-dwelling species in all 
social metrics. Specifically, I predicted that heartwood-dwelling families would (1) be 
more socially monogamous, (2) have larger broods, and (3) dedicate more time to 
parental activities than sapwood-dwelling families. Furthermore, I predicted that young 
adults in heartwood families would (1) experience less aggression from parents, (2) 
remain in the colony for longer, (3) overlap more with second broods, and (4) possibly 
even engage in cooperative care of broods more than sapwood families. 
 
Methods 
Study species 
Of the approximately 500 described species of passalid beetles, nearly all are 
restricted to the tropics (Schuster & Schuster, 1997). With only a few exceptions, all 
described species live and feed in decaying logs and provide biparental care to offspring. 
Passalids digest decaying log material with the aid of microbial symbionts that assist in 
the breakdown of both cellulose and xylose (Suh et al., 2003). Passalid digestion utilizes 
an “external rumen” with digestion taking place both inside the gut and outside the gut as 
frass (feces) (Pearse & Patterson, 1936; Gray, 1946; Schuster & Schuster, 1985,;Suh et 
al., 2003). Frass is consumed by family members of all life stages to maximize nutrient 
acquisition (Schuster & Schuster, 1997; Suh et al,. 2003). Passalid larvae, however, are 
much less efficient at breaking down cellulose than adults and cannot survive with 
predigested frass produced by their parents (Mishima, et al. 2016). As testament to the 
dependency of passalid larvae on parental care, the posterior pair of legs of the larvae are 
reduced and modified into stridulatory devices ostensibly used to produce a begging call 
to their parents (Schuster & Schuster, 1997; Ento et al., 2008) (Figure 1). Adult beetles 
also produce sounds using a stridulatory organ under the wings that are involved in 
mating rituals, alarm calls, aggressive interactions, and perhaps other contexts (Buchler, 
1981; Schuster, 1983). 
Documented passalid parental activities include provisioning offspring with trophic 
eggs (Ento et al., 2008), pupal cell construction (Schuster & Schuster, 1985; Valenzuela-
González, 1993; Dillard, 2017), processing wood for offspring consumption (Mishima et 
al., 2016; Dillard, 2017), and maintaining the integrity of the nest site through corpse 
64 
burial and mechanical manipulation of wood resource (Dillard & Maigret, 2017). 
Parental care is also extended to young adults (tenerals) as these individuals remain in 
their natal nest with their parents for several weeks to several months after eclosion from 
the pupal cell (Schuster & Schuster, 1997). This delayed dispersal period generally 
coincides with the post-eclosion sclerotization and melanization phase, which also takes 
weeks to months to complete (Schuster & Schuster, 1997; Dillard & Maigret, 2017). 
Tenerals are thus easily distinguished from their reproductively mature parents by their 
bright red, shiny, newly formed exoskeletons (Figure 2).  
 
 
Field Collection 
This study was conducted on Barro Colorado Island National Monument, a research 
island owned by the Smithsonian Tropical Research Institute located in the Panama 
Canal. I collected families opportunistically throughout the island through the early rainy 
season of 2014 (July-October). All logs encountered that seemed to be in a suitable stage 
of decay to support beetle inhabitants were inspected for passalid families. Numbers of 
reproductively mature adults, tenerals, larvae, pupae, and eggs were recorded at the time 
of collection for each family. Sapwood-dwelling species collected included Passalus 
interruptus, P. punctiger, P. punctatostriatus, P. interstitialis, and Veturius aspina. 
Because only two families of P. punctatostriatus and only one family of Veturius aspina 
were collected, these species were excluded from all analyses. Only a single heartwood 
species was found (Verres hageni), though several families from this species were 
collected. Families were removed from the field along with packs of frass (beetle feces) 
and decaying wood matter from the original nest site and taken to the lab for observation. 
A total of 44 families were collected that were suitable for data collection (i.e., contained 
offspring, preferably with parents).  
Families were established in the lab in observation chambers immediately following 
collection, following the methods of Dillard, 2017. Observation chambers consisted of 
two sheets of plexiglass (36x50cm) sandwiched over a thin (2cm) wooden frame. The 
depth of the frame is similar to the depth of the natural tunnels constructed by the beetles, 
though the area of the captive chambers was smaller than that of some of the tunnel 
systems observed. Families were placed inside the frame along with frass and wood from 
the original collection site and the edges were sealed with duct tape. Previous 
experiments with Odontotaenius disjunctus, a temperate North American passalid, 
suggest that families can be maintained in these chambers for approximately 3 months 
(Dillard, 2017). When not under active observation, observation chambers were stored in 
dark cabinets to prevent light disturbance. 
 
Behavioral Observations 
Families were acclimated to their observation chambers overnight before recordings 
began. After acclimation, observation chambers were placed on a desk in a dark room 
and were recorded using an infrared camera for either 45min or 60min. Videos were later 
scored using a focal animal method to continuously record both parent and teneral 
behavior. With this technique, each parent and each teneral were observed continuously 
and their behaviors were recorded every minute for the duration of each video. An 
ethogram, modified from Dillard (2017), of 5 mutually exclusive, continuous state 
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behaviors was used to categorize behavior (Table 1). Instantaneous behaviors, including 
parent or teneral contact with larvae, begging events, and any aggressive behaviors were 
also scored. Videos were discarded if the individuals of interest were not visible. In 
addition, to ensure that parental behavior was comparable across observations, videos 
were only scored if larvae were present in the family.  
 
Analysis 
Because only one species (Verres hageni) was collected from heartwood and 
several Passalus species were found in the sapwood region, all comparisons were 
essentially made between Verres hageni (heartwood) observations and the pooled 
Passalus species (sapwood) observations. To determine if species inhabiting heartwood 
were more socially monogamous than those inhabiting the sapwood, I compared the 
number of reproductive adults collected from families of each habitat using a one-tailed t-
test. Similarly, one-tailed t-tests were used to determine if families of heartwood species 
contained (1) more offspring and (2) more tenerals than sapwood species. These analyses 
were performed on all families that were collected with offspring, which included 44 
families (6 of the heartwood-dwelling Verres hageni and 38 sapwood-dwelling Passalus 
species). 
To assess differences in parental care between species from the two habitats, I 
examined three dependent variables: (1) parental activity (the total proportion of time 
spent processing wood, constructing tunnels, and building pupal cells), (2) larval contact 
(the proportion of time spent in contact with larvae), and (3) larval begging (the number 
of time intervals in which larvae begged from their parents per hour of observation). 
Because many families were observed multiple times, I analyzed these variables using 
generalized linear mixed models with both the fixed effect of “habitat” as well as the 
random effect “family.” A total of 60 usable videos were analyzed of 23 families (5 
heartwood and 18 sapwood) for behavioral observations, yielding 82 unique observations 
(26 heartwood and 56 sapwood).   
Species differences were also analyzed using ANOVAs (social monogamy, family 
size, teneral number) and mixed-model ANOVAs when random factors were present 
(parental behaviors). Loss of degrees of freedom precluded conducting these analyses 
with both the fixed effects “habitat” and “species” in addition to the random effect 
“family” at the same time, and thus these two variables were analyzed separately. 
Very few tenerals overlapped with larvae in the lab, and I was unable to compare 
larval contact and begging between the two habitats. The amount of time tenerals spent 
on parental activities, including tunnel construction, wood processing, and pupal cell 
construction, was, however, compared in a similar manner as the parents by using the 
fixed effect “habitat” and random effect “family” in a generalized linear model. A total of 
12 usable videos were obtained of teneral behavior from 8 families (3 heartwood and 5 
sapwood), yielding 15 unique observations (6 heartwood and 9 sapwood). 
 
Results 
Social Monogamy 
On average, the number of mature adults found per excavated colony was not 
significantly higher for the heartwood-dwelling Verres hageni than the sapwood-dwelling 
Passalus species (one tailed t-test: t = -0.52, P = 0.70; Fig. 3a). Passalus families, 
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however, showed much more variation in the number of mature adults present, with some 
cases of seemingly abandoned larvae and others with up to 6 mature adults present in a 
single family. In contrast, Verres families were only collected with either 1 or 2 parents 
present. No significant difference in the number of reproductive adults was observed 
when all species were compared either (Table 2a, Fig. 4a). 
 
Parental Care 
The number of offspring collected from heartwood-dwelling Verres families was 
not significantly greater than that from sapwood-dwelling Passalus families (one-tailed t-
test: t = -2.07, P = 0.978). In contrast to predictions, however, sapwood-dwelling 
Passalus families appeared to have more offspring on average (mean ± SE offspring per 
Passalus family: 12.52 ± 1.68) than heartwood-dwelling Verres families (8.7 ± 0.8 
offspring per Verres family, Figure 3B). Species did not differ significantly in the 
average number of offspring found in each family (Table 2b, Fig. 4b).  
Sapwood and heartwood families differed significantly in the amount of time spent 
on parental activities, though the proportion of time spent in contact with larvae and the 
frequency of larval begging were not different between sapwood and heartwood families 
(Table 3a, Fig. 5). Contrary to predictions, sapwood species devoted a greater proportion 
of their time to parental activities (average proportion ± SE: 0.893 ± 0.03) than did 
heartwood species (0.705 ± 0.05).  Although the species did not differ in either parental 
activities or begging, there was a significant effect of species on larval contact (Table 3B, 
Figure 6). Passalus interruptus, the largest of the passalid species in the study, spent 
significantly more time in contact with larvae than the other species.  
 
Delayed Dispersal 
Excavated heartwood-dwelling families did not contain significantly more tenerals 
than did sapwood species (t = -2.59, P = 0.993; Fig. 3c). Contrary to predictions, 
however, sapwood-dwelling Passalus families contained more tenerals than did 
heartwood-dwelling Verres families. In fact, no tenerals were present in any of the seven 
Verres families collected. Under lab conditions, however, Verres families reared tenerals 
successfully. There was no significant difference among species in teneral number when 
all species were compared (Table 2c, Fig. 4c). One interesting outlier was not included in 
these analyses: a single Passalus punctiger family was collected with 24 adults and no 
other offspring. All of these adults were still slightly reddish on their ventral side 
suggesting that they were somewhere between teneral and mature adult stage.  
Tenerals were observed overlapping with new broods (indicated by eggs or 1st 
instar larvae) in two instances, both in the sapwood-dwelling species Passalus punctiger. 
The first was a family collected from the field with both tenerals and eggs. The second 
instance occurred in the lab when an observation family of Passalus punctiger produced 
eggs immediately following eclosion of tenerals from their first brood. No aggressive 
interactions parents and teneral offspring were ever observed in this study.  
 
Teneral Behavior 
Passalus tenerals appeared to perform slightly more alloparental activities than 
heartwood-dwelling Verres tenerals, though this difference was not significant (t = 2.07, 
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P = 0.09, R2 = 0.83). No tenerals from species of either habitat engaged in pupal cell 
construction, nor were they the target of any larval begging displays (Fig. 7).    
 
Discussion 
Overall, few differences in behavior and family demographics were observed 
between the heartwood-dwelling Verres hageni and the sapwood-dwelling Passalus 
species, despite differences in nesting ecology. Although V. hageni inhabited longer-
lasting, lower quality resources, adults of this genus neither allocated more time to 
parental activities, nor did they appear to have larger broods with more tenerals and 
overlap between broods (both tenerals and eggs present simultaneously) than the 
sapwood-dwelling Passalus species. In contrast, sapwood-dwelling species appeared to 
dedicate more time to parental care and have larger broods than did heartwood-dwelling 
species. Furthermore, the only overlapping broods were observed in sapwood-dwelling 
species, and the only families with naturally occurring tenerals collected from the field 
were of the sapwood-dwelling Passalus species. Parents of all species readily constructed 
pupal cases and remained peacefully with young adult offspring in the lab, though, 
suggesting that basic family structure is likely very similar across species and habitats. 
Although my initial predictions were not met, these results are valuable in that they 
challenge the general view that behavioral adaptations should closely follow differences 
in ecology, and also provide insight into the complications that can arise when identifying 
the selective factors that shape certain behaviors. Some possible explanations for these 
results as well as their implications for the study of behavior in ecological contexts are 
discussed below. 
 
Parental Care and Breeding Ecology 
Although I predicted that families specializing on the poorer quality heartwood 
resource would dedicate more time to parental activities than those inhabiting the more 
nutritious sapwood, this was not the case. This result could be due to the difference in 
brood size between species inhabiting the two resources. Sapwood-dwelling families 
tended to have more offspring per family than heartwood families, possibly explaining 
the increased time investment in parental behaviors by the former. Rather than increasing 
total parental effort to provision a large brood, species inhabiting lower quality resources 
might produce smaller broods to increase or maintain their per capita investment in 
larvae. Indeed, brood size adjustment in response to nutritional environment has been 
demonstrated in other beetles with biparental care, including burying beetles 
(Nicrophorus marginatus) which produce larger broods when fed more protein rich 
resources (Woelber et al., 2018). Additionally, dung beetle (Onthophagus atripennis) 
parents provided with high quality feces resources create many small fecal masses to 
provision more larvae, while those fed on lower quality fecal resources prepare larger, 
but fewer, fecal masses for fewer larvae (Kishi & Nishida, 2006). In addition to 
producing smaller broods, species feeding on poorer quality resources may also provide 
care for longer periods of time. Both Cryptocercus and Salganea cockroaches, for 
example, live and feed in decaying logs and exhibit prolonged biparental care of 
dependent nymphs for 2-3 years (Maekawa et al., 2008; Nalepa & Arellano, 2016). 
Further investigations into different aspects of parental investment, including parental 
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effort, brood size, and duration of care, in passalids may provide better insight into how 
parental behavior has been adapted to different nutritional niches. 
Overall, however, parental behavior and family structure differed very little 
between species and between habitats. One explanation for this observation could be that 
the environmental variables compared here might not have been as drastically different as 
originally predicted. First, there may be greater within-habitat variation than between-
habitat variation in the log zones. Although sapwood and heartwood generally differ in 
quality within a tree, nutrient composition varies considerably between trees. A study 
investigating the wood nutrient concentrations of over 100 species of trees in the same 
Panamanian tropics in which this research was performed revealed enormous variation 
between species in vital nutrients including nitrogen and phosphorous (Heineman et al., 
2016). The nutrient quality of logs is also dependent on the stage of decay, with more 
nutrients released as the log decomposes (Boddy & Watkinson, 1995). Passalids 
inhabiting heartwood might select logs based on species and stage of decay such that they 
obtain resources that are nutritionally comparable to the sapwood of certain logs. 
Heartwood specialists might also possess better physiological adaptations to processing 
less nutrient dense resources than sapwood species, allowing them to inhabit the 
heartwood without additional behavioral adaptations. Although differences have been 
observed between passalid larvae and mature adults in the activity and efficiency of 
wood-digesting gut enzymes, the source of this variation is unknown (Mishima et al., 
2016). Because xylose fermentation is performed by symbiotic yeasts that inhabit the 
passalid gut, differences in wood-digestion efficiency between individuals could arise 
from differences in the quantity of yeast harbored in the gut, or even perhaps variation in 
the structure of the fermentation chambers in the gut.  Further studies investigating how 
passalids select logs in which to nest, as well as data on the true nutritional quality of 
passalid-selected resources are needed to better predict how breeding resources could 
impact parental care. Furthermore, additional work on the mechanisms of digestion and 
between-species variation in wood-processing efficiency could show how physiological 
adaptations may arise in response to environmental selective pressures in lieu of 
behavioral adaptations.   
The phylogenetic history of parental care in passalids may also explain the 
conservation of parental traits across species and habitats. Parental care has been 
identified in every species of passalid studied and appears to be critical to virtually every 
life stage of the offspring. For instance, larvae cannot survive without the processed 
wood and frass that parents provide and are unable to pupate successfully without their 
parents’ aid in constructing pupal cases (Schuster & Schuster, 1997; Mishima et al., 
2016, pers. obs.). Even teneral adults, due to their fragile exoskeletons (Figure 2), require 
extended stay in the protective environment of the natal nest post-pupation. Due to the 
extreme dependence on parental care for this lineage, it is perhaps unsurprising that 
relatively subtle differences in ecology, such as those investigated here, could yield little 
to no significant differences in parental behavior. Further studies investigating behavioral 
differences between species that occupy more substantially different niches might reveal 
a greater variety of parental adaptations. Only one species of passalid has been confirmed 
to inhabit resources other than logs – Ptichopus angulatus, which inhabits the detritus 
chambers of leaf-cutter ant nests – yet nothing is known of the family behavior of this 
species (Schuster 1984). Examining the effect of this major niche transition on parental 
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care and family living could yield tremendous insight into the ways ecological factors 
shape ostensibly conserved behaviors. 
Finally, a better understanding of the range of selective pressures affecting passalid 
breeding could provide insight into how specific factors are predicted to influence 
parental behaviors. The predictions of this study were based on a single environmental 
variable (nesting resource), even though many selective factors may be acting on parental 
behavior and family living simultaneously. For instance, though the sapwood may have 
higher quality wood to feed upon, it is also much more exposed to predators. Centipedes, 
ants, and scorpions were commonly found near sapwood families but not in heartwood 
habitats during this study. There also appeared to be more competition for food and space 
in the sapwood than in the heartwood. Often several families, sometimes encompassing 
several different species, could be found directly adjacent to one another in the same log. 
Although adoption of neighboring offspring may occur between conspecific families 
(Dillard, 2016), cannibalism of non-descendent offspring by intruders is also common 
(King, 2007; Valenzuela-Gonzalez, 1993). The pressure to protect the colony from 
predators and competitors could explain why sapwood-dwelling Passalus species engage 
in just as much, if not more, parental activity than the heartwood-dwelling Verres species. 
Further studies specifically investigating the relationship between family living and 
multiple environmental axes simultaneously, including community dynamics, could yield 
valuable insight into the ways multidimensional habitats shape social behavior. 
 
Delayed Dispersal and Cooperative Breeding 
Although offspring of all passalid species delayed dispersal to remain with their 
families as young adults, no direct evidence of cooperative brood care was observed in 
this study. In non-cooperative societies with delayed juvenile dispersal, the family group 
is often terminated when parents become intolerant of older offspring, generally before 
beginning a new brood (Tarwater & Brawn, 2010; Gamero et al., 2013). In contrast, no 
aggression between parents and adult offspring was observed in any of the passalid 
species, even after parents had initiated a second brood. This suggests that at the very 
least, parents are not paying significant costs by retaining adults from a previous brood 
alongside their new brood, and that perhaps they even gain subtle benefits from the 
presence of adult offspring. Pupal cell building behavior can be elicited from teneral 
passalids under certain conditions, although they are much less efficient at this task than 
parents (Valenzuela-González, 1993). This tendency to provide care for non-descendent 
offspring is particularly interesting given that mature, independent passalids that have not 
yet bred are not tolerant of non-descendent offspring and cannibalize unfamiliar larvae 
when encountered (King & Fashing, 2007). Mature adults that have recently cared for 
their own larvae, however, are tolerant of unfamiliar larvae (King & Fashing, 2007). 
Although teneral adults have not yet bred, they exhibit tolerance and possibly non-
discriminant care to pre-pupae as a parent would. While pupal cell construction by 
tenerals still has not been observed under “natural” family living conditions, if tenerals 
contribute to this task even occasionally or assist in processing the log resource for the 
new brood, parents may benefit from their prolonged retention. Because these behaviors 
are subtle and difficult to observe, studies of the effects that young adult presence has on 
various fitness metrics of both the parents and younger siblings would be necessary to 
determine if and how much tenerals improve parent fitness.  
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Conclusions 
Ecology is generally thought to shape social behaviors such as family living. 
Because decaying logs are the primary resource utilized by passalid beetles, I predicted 
that variation in the quality of this resource might influence family living in passalids. 
Contrary to my predictions, I found no major differences between species utilizing 
different nesting resources. These findings suggest that contemporary passalids have 
adapted to variation in resource quality in ways other than those generally predicted by 
social theory. This study elucidates many gaps in our understanding of the ways that 
environmental selective pressures shape the evolution of incipient social traits such as 
family living and provides valuable insight into the breeding ecology of a group of 
primitively cooperative animals.  
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Tables & Figures 
Table 7 Part (a) lists and describes all continuous state behaviors in the adult 
passalid ethogram (modified from Dillard, 2017). With the exception of parental 
activity, which is a sum of three state behaviors, all state behaviors were mutually 
exclusive. Part (b) lists instantaneous behaviors, which are not mutually exclusive to 
continuous state behaviors (i.e., a parent may be in contact with a larvae while 
resting or traveling, etc.). 
a) Continuous state behaviors 
Tunnel 
Construction 
Movement of frass within the tunnels. Consists of small 
forward/backward movements or large, forward 
"bulldozer”-like movements. 
Wood Processing Mastication of wood or frass while standing still. 
Rest Standing still (no mastication). May be grooming in this state. 
Pupal Cell 
Construction 
Similar to tunnel construction, but directed towards prepupal 
larva or pupal case. This behavior results in the creation 
of a well packed case of frass around the pupating larva. 
Travel Walking movement (without moving frass). 
Parental Activity 
Summation of tunnel construction, wood processing, and 
pupal cell construction. 
b) Instantaneous behaviors  
Larval Contact Focal individual is within one body length of a larva. 
Begs/Hr 
Larvae stridulate and ram the ventral side of their heads 
against an adult beetle's body (often with enough force 
to visibly move the adult). The total number of begging 
instances in an hour-long video were summed to yield 
begs/hr. 
Aggression 
Intense face-to-face interactions characterized by mandible 
biting, rapid antennation, and loud, repetitive 
stridulation. 
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Table 8 ANOVA results for family demographics by species for (a) social monogamy 
(number of black adults present) (b) offspring number (number of offspring of all 
stages present) and (c) teneral number (number of young adults present). 
a. Social 
monogamy 
DF Sum of 
Squares 
Mean 
Square 
F p Adjusted 
R2 
Model 3 3.03 1.01 0.71 0.55 -0.02 
Error 40 57.14 1.43    
Total 43 60.18     
b. Offspring 
number  
DF Sum of 
Squares 
Mean 
Square 
F p Adjusted 
R2 
Model 3 254.311 84.77 0.89 0.45 -0.01 
Error 40 3809.69 95.24    
Total 43 4064.00     
c. Teneral number DF Sum of 
Squares 
Mean 
Square 
F p Adjusted 
R2 
Model 3 14.35 4.78 0.77 0.52 -0.03 
Error 40 247.55 6.19    
Total 43 261.91     
  
7
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Table 9 Generalized linear mixed model results for both (a) habitat (sapwood vs heartwood) and (b) species differences in 
parental behaviors. 
a
. 
H
A
B
IT
A
T
 
Parental Activity Den. Df t ratio P Estimate Std. Error Adjusted R2 
Intercept 16.05 27.2 <0.0001* 0.8 0.03 0.21 
Habitat (sapwood) 16.05 3.05 0.007* 0.09 0.03  
Larval Contact Den. Df t ratio P Estimate Std. Error Adjusted R2 
Intercept 12.64 6.23 <0.0001* 0.21 0.03 0.17 
Habitat (sapwood) 12.64 -0.10 0.93 -0.003 0.03  
Begging Den. Df t ratio P Estimate Std. Error Adjusted R2 
Intercept 15.63 3.23 <0.01* 0.02 0.01 0.30 
Habitat (sapwood) 15.63 -0.02 0.98 -0.0001 0.01  
b
. 
S
P
E
C
IE
S
 
Parental Activity Den. Df t ratio P Estimate Std. Error Adjusted R2 
Intercept 37.02 22.72 <0.0001* 0.87 0.04 0.20 
Species (P. interruptus) 35.05 1.5 0.14 0.10 0.07  
Species (P. interstitialis) 48.66 0.52 0.61 0.05 0.09  
Species (P. punctiger) 29.81 0.13 0.90 0.01 0.05  
Larval Contact Den. Df t ratio P Estimate Std. Error Adjusted R2 
Intercept 34.16 7.22 <0.0001* 0.24 0.03 0.03 
Species (P. interruptus) 30.21 3.09 0.004* 0.18 0.06  
Species (P. interstitialis) 52.35 -0.71 0.48 -0.06 0.08  
Species (P. punctiger) 23.51 -2.05 0.05 -0.08 0.04  
Begging Den. Df t ratio P Estimate Std. Error Adjusted R2 
Intercept 26.05 3.22 0.003* 0.02 0.01 0.27 
Species (P. interruptus) 26.1 1.47 0.15 0.01 0.01  
Species (P. interstitialis) 32.49 -0.56 0.58 -0.01 0.01  
Species (P. punctiger) 22.21 -0.82 0.42 -0.01 0.01  
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Figure 13 Semi-ventral (a) and lateral (c) photographs of a Passalus punctiger larva, 
with enhanced view of third leg (b,d). In all passalids, the third pair of legs in all 
stages of larvae have been reduced to tiny stridulatory nubs. (Photos by John 
Shroeder). 
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Figure 14(a) A Passalus punctiger parent burying its head as a third instar larva 
trails behind. (b) A fully sclerotized Passalus interruptus parent “bulldozing” frass. 
(c) A P. interruptus teneral standing between its two parents. (Photos by John 
Shroeder). 
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Figure 15 Demography of families, showing (a) number of mature adults, (b) number of offspring, and (c) number of tenerals, 
collected from heartwood and sapwood species. Box plots depict min, max, quartiles and median with means marked with an 
“x.” Inner and outlier points depicted as circles. 
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Figure 16 Demography of families by species, showing (a) number of mature adults, 
(b) number of offspring, and (c) number of tenerals found in naturally occurring 
family groups. 
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Figure 17 Parental behaviors, including (a) parental activity, (b) larval contact, and (c) begging, compared between 
heartwood species (Verres hageni) and sapwood species (Passalus sp.). 
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Figure 18 Species differences in parental behaviors, including (a) parental activity, 
(b) larval contact, and (c) larval begging. 
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Figure 19 Comparison of parental behaviors performed by tenerals of heartwood 
species (Verres hageni) and sapwood species (Passalus spp.). 
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Chapter 5. Ecology, Monogamy, and the Evolution of Biparental care and 
Cooperative Breeding in Birds 
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Abstract 
Genetic monogamy precedes the evolution of cooperative breeding across several 
taxa. This pattern supports the hypothesis that genetic monogamy results in higher kin-
selected benefits of helping by increasing within-group relatedness. Other processes, 
however, may be responsible for the correlated evolution of monogamy and cooperative 
breeding. Here, we utilize evolutionary confirmatory path analyses to better understand 
the causal structure of genetic monogamy, ecology, and ancestral biparental care in the 
evolution of cooperative breeding in birds. We find that the relationship between genetic 
monogamy and cooperative breeding is robust to the addition of additional explanatory 
factors. A strong relationship between cooperative breeding and biparental care, however, 
was more persistent across the selected path diagrams than was genetic monogamy. 
Differences in helper contributions to provisioning and breeder fitness in cooperative 
societies were also strongly related to biparental care, and these traits were not 
significantly affected by genetic monogamy. These results suggest that reduced 
promiscuity along with biparental care likely played a major role in the initial evolution 
of cooperative breeding. Subsequent elaborations of helper contribution in cooperative 
lineages, however, appear to be less influenced by genetic monogamy, though still 
strongly linked to biparental care. Although few of the ecological factors tested here 
explained differences in helper contributions among cooperative species, the link 
between biparental care and all helping measurements suggests the presence of either 
unmeasured ecological factors coupling these two traits, or a causal effect of ancestral 
biparental care on the subsequent evolution of cooperative traits. 
 
Introduction 
Cooperative breeding, a social system in which individuals provide parental care to 
offspring that are not their own, has evolved independently many times across a diverse 
array of taxa (Koenig & Dickinson, 2003; Rubenstein & Abbot, 2017). Often, helpers pay 
a direct fitness cost from the assistance that they offer, making this phenomenon 
paradoxical from an individual selection perspective. Kin selection theory seemingly 
solves this paradox by proposing that alleles for helping can spread if the bearers help 
rear non-descendent relatives who may also carry the same alleles with a probability 
proportional to the degree of relatedness between the helper and recipient (Hamilton 
1964). Indeed, the basic social unit in most cooperatively breeding species is the family, 
which typically consists of a breeding individual or pair that is assisted by their adult 
offspring (Emlen, 1995; Drobniak et al., 2015). In support of the important role of 
relatedness in the evolution of helping, recent studies in several major taxonomic groups 
have demonstrated that the evolution of cooperative breeding is generally preceded by 
ancestral genetic monogamy, a mating system that maximizes sibling relatedness within 
the family (Hughes et al., 2008; Cornwallis et al., 2010; Lukas & Clutton-Brock, 2012). 
With lifetime genetic monogamy, the relatedness coefficient between offspring helpers 
and their siblings is the same as the relatedness coefficient they would share with their 
own genetic offspring (r=0.5), requiring only a marginal increase in the benefits to costs 
ratio of helping for selection to promote helping (Boomsma, 2007, 2009).  
Despite substantial evidence for the importance of kin selection in the evolution of 
helping, the relationship between monogamy and cooperation is not entirely clear. First, a 
relationship between ancestral monogamy and cooperation is not universal across 
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cooperative taxa (Kramer & Russell, 2014; Dey et al., 2017). In lamprologine cichlid 
fish, for instance, the incidence of cooperative breeding is more strongly associated with 
ecological factors, such as dispersal costs and predation, than it is with monogamy (Dey 
et al., 2017). Furthermore, in some systems, promiscuity might even increase selection 
for helping. If paternity is biased to older males, young males who would have low 
paternity if they bred independently, might improve their fitness by caring for siblings to 
whom they share at least half-sibship until they are able to secure higher paternity in their 
own broods (Stern & Dickinson, 2016; Kramer & Russell, 2014). Finally, even in those 
lineages for which a correlation between monogamy and cooperation is observed, this 
relationship may not necessarily be causal. The disproportionate representation of 
cooperative breeders in monogamous lineages is also consistent with alternative, 
currently untested, hypotheses centered around common drivers of both mating and social 
behavior (Dillard & Westneat, 2016).  
Here, we attempt to disentangle the evolutionary processes that have given rise to 
the coupling of genetic monogamy and cooperative breeding in birds. Specifically, we 
utilize comparative techniques, including phylogenetically controlled path analyses, to 
test alternative hypotheses for the observed correlation between monogamy and 
cooperation in birds (Table 1). Many cooperatively breeding birds live in family groups, 
making them an appropriate model for investigating how genetic monogamy influences 
cooperative behavior (Emlen, 1995; Drobniak et al., 2015). Furthermore, a strong 
correlation between ancestral monogamy and the evolution of cooperative breeding has 
been demonstrated in comparative studies of birds (Cornwallis et al., 2010). The ways in 
which ecology, mating behavior, and life history have shaped the evolution of 
cooperative breeding in birds, however, is still relatively unclear, despite considerable 
investigation (Downing et al., 2015; Drobniak et al., 2015; Cornwallis et al., 2017; 
Griesser et al., 2017; Kingma, 2018).  
In this study, we address the following two questions: (1) could the correlation 
between monogamy and cooperative be explained, at least partly, by factors other than 
the direct link between relatedness and kin selection? And (2) if so, which ecological or 
life history factors could have led to this coupling? These questions derive from the 
possibility that the evolution of cooperative breeding in more genetically monogamous 
avian lineages might not be due strictly to the kin selected benefits of higher within-group 
relatedness that occur when mothers mate with only a single male. Nearly all genetically 
monogamous birds are also socially monogamous and exhibit biparental care, and the 
same factors that promote these breeding systems are also generally predicted to promote 
cooperative breeding (Dillard & Westneat, 2016).  We call this proposed scenario the 
ecological covariance hypothesis. In addition, ancestral social monogamy and high levels 
of biparental care might pre-adapt lineages to the subsequent evolution of cooperative 
breeding (Table 1, Figure 1). In this social pre-adaptation hypothesis, cooperative 
breeding might be expected to occur more frequently in monogamous species if these 
lineages also exhibited more dependent (altricial) offspring or had developed ancestral 
parental and social traits that could later be co-opted and expressed by non-parent helpers 
(Dillard & Westneat, 2016).  
We examine how alternative evolutionary mechanisms could have led to the 
coupling of genetic monogamy and four different measures of cooperative brood care. 
These measurements generally fall into two categories. First are those that we believe are 
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proxies for delayed dispersal, which include the presence and frequency of cooperative 
nests in a species. Second are those that represent the costs and kin-selected benefits of 
helping, which include helper contribution to provisioning (helper costs) and the impact 
that helpers have on breeder fitness (kin-selected benefits). Due to their implications in 
the kin-selected costs and benefits of helping, we predict that these latter traits might be 
more closely tied to genetic monogamy than traits that better approximate delayed 
dispersal, which may be more dependent on ecological factors that increase the direct 
fitness benefits of staying in the territory (Ekman et al., 2004; Green et al., 2016). Table 
2 provides predictions for each hypothesis regarding the relationship between genetic 
monogamy and cooperation and summarizes the key results from this study as they relate 
to these predictions. 
 
Methods 
Data Collection  
We obtained measurements of both biparental care and extra-pair paternity by 
taking advantage of the extensive literature on avian behavior. First, we gathered data 
only for birds for which extra-group and extra-pair paternity rates were known from 
Cornwallis et al., (2010) and Remes et al., (2015), resulting in a total data set of 285 bird 
species. Extra-pair paternity was defined as the percentage of nests containing offspring 
from extra-group (sensu Cornwallis et al., 2010) or extra-pair (sensu Remes et al., 2015) 
sires, and these data were taken directly from the abovementioned studies. Because we 
were interested in how ecological constraints promote both biparental care and 
cooperative breeding, in this study, we utilized a modified measurement of biparental 
care originally developed by Remes et al., (2015). We obtained our measure of biparental 
care by quantifying the relative contribution of both parents to four aspects of care (nest 
building, incubation, offspring feeding, and nest defense) for all species on a scale of 0 
(entirely performed by one parent) to 2 (split equally between parents). The final parental 
care score was obtained by averaging the mean-centered values of all four care behaviors 
for each species. References were located by searching GoogleScholar for both the Latin 
and common names of each species and the following terms: “parental” OR “paternal” 
OR “provisioning” OR “provision” OR “brooding” OR “nest” OR “nesting” OR 
“breeding” OR “incubation” OR “defense.” Additional information was also gathered 
from the Handbook to the Birds of the World Alive online resource and other handbooks 
(see supplementary data).  
We quantified cooperative breeding using four different measurements. The first 
measurement treated cooperative breeding as a binary variable, where species with 
offspring helpers at >5% of nests were classified as “1” and others classified as “0.” 
Since this “present or absent” type of measurement does not reveal variation in helping 
within the cooperative breeders, we also collected data on the frequency of cooperative 
breeding, measured as the percentage of nests with helpers. Our third measurement was 
of helper effort, which we defined as the proportion of total nestling feeds delivered by 
all of the helpers. This exact measurement was provided in some of our references, but 
for others we estimated this contribution by multiplying the average single helper 
contribution by the average number of helpers in a group. The fourth measure of 
cooperation, helper value, measured the impact of helpers on breeder fitness. This was 
quantified as the difference in the number of fledglings produced between the average 
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pair with helpers and the average solitary pair. We chose to measure the difference 
between pairs and groups rather than the proportional increase because several species 
are obligate cooperative breeders (e.g., White-winged Choughs, Arabian Babblers, 
Apostlebirds) and never successfully breed in solitary pairs. For species that either do not 
attempt breeding in pairs or never succeeded as pairs, we used the mean production of 
young in groups as our estimate of helper value. When possible, we obtained cooperative 
measurements from studies of the same population from which extra-pair paternity values 
taken. In all other cases we took averages across all studies obtained in our search of 
helper characteristics for each cooperative species. All helper data was located through 
GoogleScholar using the Latin and common names of each cooperative species and the 
following search terms: "helper" OR "auxiliary" OR "cooperative" OR "brood care" OR 
"cooperation" OR "alloparental" OR "alloparent" OR “provisioning” OR “provision” OR 
“feed” OR “feed rate” OR “fledgling” OR “success” OR “group size.” 
We selected four environmental factors to represent the primary drivers of both 
cooperative and parental care. Harsh environments that reduce breeding success are 
predicted to favor both biparental cooperation and family cooperation simultaneously. To 
assess the effect of environmental harshness, we gathered data on the annual temperature 
range and precipitation seasonality across each species’ breeding range. Food limitation, 
a major factor predicted to favor the added provisioning effort of both parents and 
helpers, was assessed by quantifying the net primary carbon production across each 
species’ breeding range. Climatic variables were calculated across the breeding ranges 
(BirdLife; BirdLife International and NatureServe 2015) of all 285 birds based on data 
obtained from Ocean Productivity 2016 and Worldclim (Behrenfeld and Falkowski, 
1997; Zhao et al., 2005; Ocean Productivity 2016, Hijmans et al. 2015; Worldclim 2016) 
using ArcGIS (ESRI 2011). Nest predation, which could select for presence of both 
parents and helpers to act as guardians, was also quantified by obtaining average nest and 
nestling predation values from the literature (n=205). References for nest predation rates, 
defined as the percentage of nests that experienced complete or partial depredation, were 
gathered through GoogleScholar using the following search terms: “predation” OR 
“predator” OR “nest predation” OR “breeding biology” OR “nesting biology.”  
Statistical Analyses 
Because we were interested in the relative effects that ecological factors and extra-
pair paternity had on each cooperative factor, we first performed phylogenetically 
controlled  multiple regressions with each of our measures of cooperative care (PGLS; 
Orme et al., 2013) and biparental cooperation (MCMCglmm; Hadfield, 2010) as 
dependent variables using R (R Core Team 2017). This allowed us to compare effect 
sizes of each of the four ecological factors and extrapair paternity on both helping and 
parental measures to determine whether these factors produced similar effects on the 
different traits. 
Next, we utilized phylogenetic confirmatory path analyses to explicitly test 
hypotheses regarding the relationship between biparental care, extrapair paternity, 
ecological constraints, and cooperative breeding (Figure 1). The eight hypothesized path 
diagrams were broadly designed to determine the magnitude of the direct effect of extra-
pair paternity on cooperative breeding when other factors are taken into consideration. 
Each pathway tests an independent hypothesis regarding the relationship between these 
variables, however, they can be categorized into several larger groupings (Figure 1).  
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First, path diagrams (Fig1a, b, c) all presume that no direct relationship between 
extra-pair paternity (EPP) and cooperation exists. Rather, the correlation between these 
two variables may be incidental due to correlations between other factors. Path diagram 
Fig. 1a suggests that this non-causal pathway could arise due to a link between biparental 
cooperation (a factor known to correlate with EPP) and some environmental factor to 
which cooperative breeding is also tied. Path diagram Fig. 1b similarly suggests that the 
connection between EPP and cooperation is due primarily to a link between parental care 
and cooperative care, however in this scenario biparental care and cooperative breeding 
are connected directly. This represents a situation where ancestral biparental care may 
directly influence the likelihood of a lineage to evolve cooperative breeding. Path 
diagram Fig. 1c combines these two hypotheses and presents the possibility for a 
connection between cooperation and parental care that is both directly and indirectly 
linked through the environment. 
A second cluster of path diagrams (Fig. 1d, e, f) are similar to the first cluster 
except they contain a direct influence of EPP on cooperative breeding. In these scenarios, 
ecological factors could link parental care and cooperation (Fig. 1d), parental care and 
cooperation may be linked directly (Fig. 1e), or both could occur (Fig. 1f), but , EPP is 
hypothesized to have an independent influence on cooperative breeding. 
A final cluster (Fig. 1g, h) include a causal relationship between EPP and 
cooperation that is not driven by relationships with other variables. Note that due to the 
strong association between parental care and EPP we did not test any pathways not 
including this link so as not to bias our results (i.e., path diagrams without that link would 
be strongly disfavored in model selection). Thus, we include this relationship even in 
(Fig. 1g), where we ask whether environment and EPP influence cooperation 
independently, as well as in (Fig. 1h), where we ask whether EPP alone leads to changes 
in cooperation. 
Confirmatory path analysis utilizes multiple linear regressions to test for 
independencies among terms in the proposed path diagrams, providing a better estimate 
of causality than traditional path analyses that only consider weights of paths between 
variables. This is achieved with Shipley’s d-sep method (Shipley 2000, 2002, 2004), 
which calculates a goodness-of-fit for each hypothetical path diagram. Information theory 
(Burnham & Anderson 2002) is then used to compare each path diagram and retain the 
ones with the best fit (CICc ≤ 2; Von Hardenberg et al., 2015). The fit of a particular path 
diagram is determined by estimating the influence of the omitted relationships between 
variables. In other words, the best path diagrams are the ones for which the missing 
arrows indeed have the weakest influence. Fisher’s C statistic is then calculated for each 
path diagram from the p-values of all independencies in that model and the number of 
independencies analyzed. This is then used to derive a CICc value, which is akin to an 
AICc value in traditional information theory (Von Hardebnberg, 2015).  
All regressions were performed using PGLS (Orme et al., 2013), except when the 
binary cooperative variable was used, in which case MCMCglmm was used (Hadfield, 
2010). Phylogenetic confirmatory path analyses were performed to test among the eight 
proposed path diagrams for every combination of each of our four environmental factors 
and each of our four cooperative measures, resulting in a total of 16 confirmatory path 
analyses.  
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While phylogenetic confirmatory path analyses provide insight into the 
independencies between variables, we were also interested in the relative explanatory 
power of each potential path. Following the methods of von Hardenberg & Gonzalez-
Voyer (2013), we standardized all variables and averaged path coefficients across all the 
top path diagrams (delta CICc <2).  
Non-independence between species due to evolutionary relationships was 
controlled in all analyses using phylogenetic trees extracted from BirdTree 
(www.birdtree.org, 2016; Jetz et al., 2012, 2014). The use of hundreds of models to test 
for independencies in our phylogenetic confirmatory path analyses precluded our ability 
to perform our analysis across a large number of trees. Instead, to ensure that our results 
were robust to potential differences in phylogenetic relationships, we performed all 
analyses on a single consensus tree created from 10,000 trees in SumTrees, using the 
Hackett backbone (Sukumaran & Holder, 2010, 2015; Rubolini et al., 2015).  
 
Results 
Factors affecting the evolution of cooperative breeding and biparental care 
We evaluated the effects of ecological factors and extra-pair paternity on biparental 
care and our different measurements of cooperative breeding to determine whether 
similar selective pressures could have shaped the simultaneous evolution of biparental 
care and alloparental care. In general, lower values of all helping traits and biparental 
care were associated with higher temperature range and higher rates of extrapair paternity 
(Fig 2). The presence and frequency of cooperative breeding in a species as well as the 
magnitude of biparental care were significantly negatively associated with extrapair 
paternity. Lower biparental care, lower helper effort and lower incidence of cooperative 
breeding were significantly associated with increased annual temperature range . 
Similarly, lower helper value and frequency tended to be linked with increased annual 
temperature range. Greater seasonality in precipitation significantly predicted a higher 
incidence of cooperative breeding, with a similar, though nonsignificant, potential effect 
on the frequency of helping. In contrast, helper effort, helper value, and biparental 
cooperation showed no significant associations with changes the seasonality of 
precipitation. Net primary production and nest predation were not a significant 
explanatory factor for any cooperative trait. 
  
Causal structure in the evolution of cooperative traits 
We performed phylogenetically controlled confirmatory path analyses to better 
understand how ecological factors and behavioral traits (i.e., biparental care, extrapair 
paternity, and cooperative breeding) were linked. Neither path diagram with just EPP 
influencing cooperation was supported for any cooperative variable. As expected, a 
strong and significant connection between biparental care and EPP was present in every 
selected path diagram. This effect did not, however, totally explain links between EPP 
and cooperation. Instead, we found both indirect and direct links between extrapair 
paternity and cooperative variables, although these links were not present in some metrics 
of cooperation. Notably, this link was present for all models describing the incidence of 
cooperative breeding (Fig 4A) and three of the four path diagrams describing helper 
value (Fig 4D), while this direct connection was absent in three of the four path diagrams 
for both helping frequency (Fig 4B) and helper effort (Fig 4C).  
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Ecological factors had variable effects among the path diagrams and appeared most 
important in those describing the incidence of cooperative breeding, in which links from 
ecology to biparental care and cooperative breeding were present in all four path 
diagrams (Fig 4A). Although nest predation was non-significant in all linear regressions, 
diagrams with paths between nest predation and both helping and biparental care were 
selected for three of the four helping variables. Furthermore, in all selected path diagrams 
that contained links to ecology, these ecological factors were connected to both biparental 
care and the helping variable. The effects of ecology on biparental care and helper 
cooperation, however, were not always identical. Opposing effects of ecology on parental 
cooperation and cooperative breeding were present in two of the seven selected path 
diagrams with ecological paths. 
A positive link between biparental care and helping was present in the top path 
diagrams for all four metrics of cooperation regardless of ecological variable (Fig 4). In 
general, this link also exhibited the largest effect sizes, often around fivefold greater than 
other links within each helping variable (Figure 4 & 5).  
 
Discussion 
We used phylogenetic confirmatory path analyses to test the effects of genetic 
monogamy on cooperation in birds in the presence of potential confounds. We found 
strong evidence of a direct influence of extra-pair paternity on the incidence of 
cooperative breeding, confirming that genetic monogamy was likely a critical 
prerequisite for the evolution of cooperation. Genetic monogamy appeared less important 
for other measurements of helping, particularly when structural models were utilized, 
suggesting that factors initially selecting for the formation of cooperative groups might 
differ from those that shape contemporary expressions of helping. We also found a robust 
relationship between biparental care and all cooperative traits. Both biparental care and 
most cooperative traits were significantly higher in environments with lower annual 
temperature ranges, implying that this factor might select for the correlated evolution of 
both traits. Overall, these findings provide support for all three non-exclusive 
explanations for the association between cooperation and genetic monogamy (Table 1). 
Our results suggest that multiple evolutionary processes may work simultaneously or in 
sequence to favor the correlated evolution of social traits.  
 
Biparental care & cooperative breeding 
Two forms of cooperative offspring care, biparental care and cooperative breeding, 
were strongly linked in this study. The processes that have led to the coupling of these 
traits, however, are not entirely clear. Both traits appeared to be affected by breeding 
range temperatures, suggesting that ecological factors may have contributed to this 
correlation. Both biparental care and cooperative breeding, however, were also strongly 
associated with reduced extra-pair paternity. In this study, we assumed that selection 
favoring increased levels of biparental care would drive reduced rates of extra-pair 
paternity through tradeoffs between parental and mating effort. It is possible, however, 
that genetic monogamy preceded transitions to both biparental care and cooperative 
breeding, in which case increased paternity could be responsible for the coupling of these 
traits. Biparental care is strongly associated with cooperative breeding in other taxa 
including cichlid fish and mammals (Dey et al., 2017; Lukas & Clutton-Brock, 2012, 
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2013). In the case of cichlids, biparental care likely preceded the evolution of both 
genetic monogamy and cooperative breeding, supporting the assumption that increased 
selection for biparental care can reduce promiscuity (Dey et al., 2017). In mammals, 
however, transitions to biparental care generally followed the evolution of social 
monogamy, possibly suggesting a causal role of reduced extra-pair paternity in paternal 
contribution to care (Lukas & Clutton-Brock, 2012, 2013). Currently, the causal 
evolutionary relationship between biparental care and EPP in birds is unknown, though it 
is likely that each trait feeds back to affect the evolution of the other. Further 
investigations examining evolutionary transition rates between changes in extra-pair 
paternity and levels of biparental care in birds would provide greater insight into the 
processes that have ultimately led to the coupling of parental and helper cooperation. 
Ancestral biparental care may also have major implications for the subsequent 
evolution of cooperative breeding, independent of the influence of EPP. First, as 
predicted by the social pre-adaptation hypothesis, traits originally evolved for biparental 
cooperation may be later co-opted for cooperative traits. This possibility is particularly 
compelling in birds for which both male help is abundant both through paternal care and 
male helpers. Young males of avian lineages with high levels of adult paternal care carry 
the mechanisms necessary for providing efficient care, whereas males from lineages in 
which paternal care is minimal or absent do not. Investigations of the genes responsible 
for parental and cooperative traits could support this hypothesis if, for instance, 
expression of alloparental care appears to be the result of duplication of genes responsible 
for parental care (Qian & Zhang, 2014) or involve only simple changes in the timing of 
gene regulation. 
Biparental care and cooperative breeding might also influence each other through 
feedback selection over evolutionary time.  High levels of ancestral biparental care could 
favor greater offspring dependency, increasing the benefits of the care provided by both 
parents and creating both longer-lasting affiliations between parents and offspring as well 
as increasing value to recipients of helping. Indeed, cooperative breeding is primarily 
restricted to avian lineages with relatively dependent, or altricial, young (Ligon & Burt, 
2004; Cockburn, 2006). The advent of cooperative breeding could also produce selection 
for increased parental cooperation. For instance, greater parental cooperation might be 
favored in populations with group-defended territories where group cohesion is necessary 
for maintaining preferred breeding sites. Assessing the transition probabilities between 
different social and life history characters, including parental cooperation, offspring 
dependency on care, and cooperative breeding, would provide a more complete 
understanding of the possible feedback selective processes that could have yielded the 
evolutionary coupling of social traits.  
 
Cooperative breeding vs other traits 
We predicted that traits approximating the costs and benefits of helping (helper 
effort and value, respectively) should be more sensitive to changes in extra-pair paternity 
than traits that might be influenced more by the direct benefits of delayed dispersal 
(incidence and frequency of cooperative breeding). Contrary to these predictions, we 
found a strong effect of extra-pair paternity on the incidence of cooperative breeding and 
frequency of helping, with no significant influence on either helper effort or value. Our 
finding that helper effort and value were not significantly influenced by genetic 
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monogamy is in contrast with other results in which a strong effect of EPP on relative 
helper provisioning effort has been demonstrated (Green & Hatchwell, 2016). In our 
analysis, however, ecological factors were also accounted for that may have reduced the 
perceived impact of EPP on this trait. In general, we interpret these results as evidence 
that genetic monogamy was critical to the early evolution of cooperative breeding. These 
findings provide support for the view that genetic monogamy provided an initial 
“window” through which lineages must pass during the transition from solitary breeding 
to more complex cooperative societies (Boomsma, 2007). Following that initial transition 
to cooperative breeding, subsequent changes to helper behavior might have then been 
influenced more by social selection and ecological factors than by relatedness per se. 
Another point to consider is that our measurements of helper contribution 
considered the entire helper group’s impact on provisioning and fledgling success and 
may therefore approximate the degree to which a lineage relies on cooperative care. 
Environmental conditions independent of relatedness may increase the benefits of helping 
and lead to greater helper contributions to both care and fitness. These results agree with 
the evolutionary sequence proposed by Cornwallis et al., (2017), in which cooperative 
breeding originally evolved in genetically monogamous lineages and allowed for the 
subsequent colonization of more environmentally harsh regions. While cooperation 
provided the resilience necessary to settle more difficult niches, these environments 
might also have selected for further elaboration of cooperative traits, resulting in more 
offspring care being performed by helpers and a greater fitness payoff from this help. The 
ecological factors measured in our study produced effects on the incidence of cooperative 
breeding, but few influenced helper effort and value. Additional studies investigating the 
possible ecological factors that may have influenced species-level differences in helper 
contribution could reveal how changing environmental conditions have shaped the 
evolution and elaboration of cooperative breeding through time. 
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Tables & Figures 
Table 10 Alternative hypotheses explaining the evolutionary coupling of genetic 
monogamy and cooperative breeding. 
Monogamy Hypothesis 
Low extra-pair paternity directly promotes the 
evolution of cooperative breeding by increasing 
within-group relatedness. 
 
 
 
Ecologically Driven Covariance Hypothesis 
Low extra-pair paternity and cooperative breeding are 
driven together by similar selective pressures. 
Specifically, ecological factors that favor increased 
investment in biparental care (and reduced extra-pair 
mating) will also select for cooperative breeding. 
 
 
Social Pre-adaptation Hypothesis 
Ancestral biparental care and monogamy primes 
lineages for the evolution of cooperation by (1) 
selecting for offspring that are more dependent on 
care, and (2) equipping lineages with parental and 
social traits that can be co-opted for cooperative 
adaptations. 
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Table 11 Depicted are the predictions of each alternative hypothesis tested in this 
study and relevant results. Results that clearly supported the respective hypothesis 
are shown in bold. 
 Prediction Results 
M
o
n
o
g
a
m
y
 H
y
p
o
th
es
is
 
1. Cooperative traits will be 
negatively associated with 
levels of extra-pair paternity, 
even when ecological and life 
history factors are taken into 
consideration (linear 
regressions & path analysis). 
- The incidence of cooperative breeding and 
helping frequency were negatively related to 
extra-pair paternity, but helper contribution 
and helper value were not.  
- A direct link between EPP and cooperative 
traits was found in over half of all path models 
(9/16), primarily in those explaining the 
incidence of cooperative breeding and helper 
value 
2. Extrapair paternity will 
have the strongest effect on 
helper effort and helper value, 
as these traits are directly 
related to inclusive fitness 
(linear regressions & path 
analysis). 
- Though negatively associated, EPP did not 
significantly influence either the effort that 
helpers expend or the fitness value of this help. 
- Direct links between EPP and helper value 
were present in 3 of the 4 path models, while 
this link was present for helper effort in only 1 
of the 4 path models. 
E
co
lo
g
ic
a
ll
y
 D
ri
v
en
 C
o
v
a
ri
a
n
ce
 
1. Biparental cooperation and 
cooperative traits will be 
influenced by the same 
ecological factors (linear 
regressions). 
- Cooperative traits and biparental cooperation 
were negatively affected by annual 
temperature range, significantly so for 
biparental cooperation and two of the 
cooperative traits. 
- The effects of other ecological factors were 
variable and did produce clearly similar effects 
across helping traits and parental cooperation. 
2. Ecological factors will 
simultaneously drive the 
evolution of cooperation and 
the evolution of lowered 
promiscuity through selection 
on biparental care (path 
analysis).  
- Links connecting ecology to both cooperative 
traits and parental cooperation were present in 
7 of the 16 models. Ecological factors affected 
both traits similarly in all but two models in 
which opposing directions were observed. 
3. The link between EPP and 
cooperation will be broken 
when ecological factors that 
favor both cooperation and 
parental care are present (path 
analysis & regressions) 
- A link between EPP and cooperation still 
existed in most models, even when 
environmental factors were deemed important. 
- EPP had a significant effect on two of the 
four cooperative traits even when ecology was 
considered 
S
o
ci
a
l 
P
re
-
A
d
a
p
ta
ti
o
n
 
1. Biparental cooperation will 
be linked to both EPP and 
cooperative traits (path 
analysis). 
- Biparental cooperation was strongly 
associated with both extrapair paternity 
cooperative traits in all models. 
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Figure 20 Hypothetical path diagrams tested in phylogenetic confirmatory path 
analysis. Diagrams a-c describe situations in which the correlation between extra-
pair paternity and cooperation arose through non-causal means. In these paths, a 
direct relationship between EPP and cooperation does not exist, but rather the two 
traits are linked due to similar selection for cooperation and EPP through biparental 
care (a & c), or through a direct link between biparental care and cooperation (b & 
c). Path diagrams d-f describe the possibility that both causal and non-causal 
relationships drive a correlation between cooperation and EPP. These paths 
describe similar indirect pathways as a-c, but with the addition of a direct 
relationship between EPP and cooperation. Finally, paths g & h describe situations 
where EPP produces a direct effect on cooperation that is not mediated by 
connections to selective pressures or biparental care.
  
9
4
 
 
Figure 21 Comparison of the effect sizes of ecological factors and extra-pair paternity on each of the four different cooperative 
measures and biparental cooperation. Effect sizes depicted as slope estimates for all cooperation traits except for cooperative 
breeding, for which odds ratios are shown. Explanatory factors with significant effects (p < 0.05) shown in red.
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Figure 22 Graphical depictions of the effects of ecology and extra-group paternity 
on different measures of cooperation. Panels a-e depict box plots and means for 
cooperative and non-cooperative species. All other measurements show all data 
points with slope and surrounding 95% confidence interval. 
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Figure 23 Top ranked path diagrams from phylogenetic confirmatory path analyses. 
Arrow weights indicate path weight (effect size) for each relationship (scaled within 
cooperative trait). Plus and minus signs indicate direction (positive or negative, 
respectively) of relationship. 
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Figure 24 These graphs depict the relationship between biparental care and 
different measurements of cooperative breeding. Cooperative breeding (a) depicted 
as box plots with means, and other, continuous, helping measurements are shown as 
scatterplots with slope and surrounding 95% confidence interval. 
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